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Abstract—Land surface processes in data scarce arid north-

western India and their influence on the regional climate including

monsoon are now gaining enhanced scientific attention. In this work

the seasonal variation of land surface parameters and surface-energy

flux components over Lasiurus sindicus grassland system in Thar

Desert, western India were simulated using the mesoscale WRF

model. The data on surface fluxes from a micrometeorological sta-

tion, and basic surface level weather data from the Central Arid Zone

Research Institute’s experimental field station (26o5904100N;
71o2901000E), Jaisalmer, were used for comparison. Simulations were

made for typical fair weather days in three seasons [12–14 January

(peak winter); 29–31 May (peak summer), 19–21 August (mon-

soon)] during 2012. Sensitivity experiments conducted using a

5-layer soil thermal diffusion (5TD) scheme and a comprehensive

land surface physics scheme (Noah) revealed the 5TD scheme gives

large biases in surface fluxes and other land surface parameters.

Simulations show large variations in surface fluxes and meteoro-

logical parameters in different seasons with high friction velocities,

sensible heat fluxes, deep boundary layers in summer and monsoon

season as compared to winter. The shortwave radiation is underes-

timated during the monsoon season, and is overestimated in winter

and summer. In general, the model simulated a cold bias in soil

temperature in summer and monsoon season and a warm bias in

winter; the simulated surface fluxes and air temperature followed

these trends. These biases could be due to a negative bias in net

radiation resulting from a high bias in downward shortwave radiation

in various seasons. The Noah LSM simulated various parameters

more realistically in all seasons than the 5TD soil scheme due to

inclusion of explicit vegetation processes in the former. The differ-

ences in the simulated fluxes with the two LSMs are small in winter

and large in summer. The deep mixed layers are distributed in the

northeastern parts in summer, northern areas in southwest monsoon

and in southwestern parts during winter seasons and associated with

the land-cover and vegetation dynamics. Our results present a

baseline simulation study in this data scarce arid region.

Key words: Arid climate, WRF, land surface parameters,

Noah, 5TD, micrometeorology.

1. Introduction

Given the vast extent of arid and semi-arid regions

(&40 % of the earth’s land surface), land–atmosphere

interactions play an increasingly important role in

understanding weather, climate and regional/global

environmental change (NIYOGI et al. 2010). Arid and

semi-arid regions are characterized by low rainfall,

sparse but highly dynamic moisture driven vegetation

growth, and high temperatures. The regional climate in

the arid and semi-arid areas is dynamically coupled to

the land surface processes. The Thar Desert situated in

the north-western India is a highly populated desert

region in the world. It is presently facing changing

environmental factors such as precipitation variations,

land use alterations and vegetation changes (GOSWAMI

and RAMESH 2008). The associated changes in green-

ness fraction, albedo, surface roughness, net radiation,

transport of heat and moisture fluxes, and temperature

(CHARNEY 1975; MORAN et al. 1994; UNLAND et al.

1996) could significantly alter the land–atmosphere

coupling in this region.

Modeling of the surface processes over arid eco-

regions is very important to study the seasonal vari-

ation of various components of surface energy

balance (SEB) and the energy fluxes in the context of

expansion of arid areas (DICKINSON and HENDERSON

SELLERS 1988). The seasonal nature of precipitation

with large spatial variability in arid or semi-arid

regions leaves a large effect on seasonal patterns of

surface water and energy exchange (STEWART et al.

1994; UNLAND et al. 1996). Energy partitioning in arid

and semi-arid regions is different from the humid
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areas on seasonal and interannual scales as the energy

transport in these areas depends on the seasonality of

precipitation and vegetation dynamics (HUIZHI and

JIANWU 2012; FRANK et al. 2010). Given the large

annual variability of rainfall in the arid regions, the

factors controlling the seasonal and interannual

variations of the heat fluxes in these areas need to be

examined. Recent studies highlight the requirement

of accurate measurements of land surface properties:

vegetation and soil moisture dynamics, surface

energy fluxes and other micrometeorological and

biophysical parameters and realistic models for

improved understanding of the land–atmosphere

interaction and the local and regional climate (BAL-

DOCCHI et al. 2001; KABAT et al. 2004; ZENg et al.

2012; WANG et al. 2014; LIVNEH et al. 2011; YANG

2004). Land surface processes in tropical regions

assume importance as weather and climate in these

regions is highly influenced by tropical convection.

Micrometeorological observation systems facilitate

measurement of the exchange of radiation, energy

and water in a local-scale footprint (0.5–1.0 km2)

useful in characterization of the land surface pro-

cesses (GOEL and SRIVASTAVA 1990; VERNEKAR et al.

2003; BHATTACHARYA et al. 2009). In the tropical to

sub-tropical Indian context a few micrometeorologi-

cal experiments such as MONTBLEX-90 (SIKKA and

NARASIMHA 1995) along the region of monsoon

trough, LASPEX-97 (VERNEKAR et al. 2003) in the

semi-arid region of Gujarat have been conducted to

study the land surface and boundary-layer processes.

Northwestern India is affected by rapid soil

degradation, vegetation loss (RAVI and HUXMAN 2009)

and exhibits large seasonal differences in vegetation,

agriculture systems, rainfall and soil moisture. Agri-

culture and cropping in this area starts with the

monsoon rains with major harvesting in winter or

early spring (USDA 1994). The vegetation of this

region comprises mainly dry open grassland that

remains green only during monsoon months (mid-

July to end of September) (RAHMANI and SONI 1997)

and the rainfall is limited (150–200 mm) and mainly

monsoon dependent. Though, this arid region in India

is known to have a strong influence on the regional

monsoon climate (BOLLASINA and NIGAM 2011) the

surface fluxes from this area are not studied much. It

is important to study the implications of seasonal

variation in vegetation and rainfall in different land

surface processes (viz., albedo, net-available energy,

heat and moisture fluxes, evaporation and evapo-

transpiration) in the local and regional climate.

Mesoscale atmospheric models are preferred to sim-

ulate the land biosphere atmosphere interactive

processes for studying the regional climate as they

incorporate detailed land surface physics and the

advective transport of energy fluxes (AVISSAR and

PIELKE 1989; CHEN et al. 2001; SANJAY 2008; JIMENEZ

et al. 2012).

The objective of this work is to study how the

sparse vegetation of the dry and grassland system in

the Thar Desert region of northwest India interacts

with the southwest monsoon in modulating the

energy fluxes using a mesoscale atmospheric model

and observations gathered using Satellite linked

(INSAT) Agro-meteorological stations (AMS) in the

region. Towards this objective, two land surface

physics parameterizations in the model are tested for

reproducing the diel cycle of surface heating, evap-

oration, surface fluxes, etc.

2. Data, Methods and Simulations

2.1. Study Area

The study area is an arid and desert region of

Jaisalmer in Rajasthan of northwest India (Fig. 1).

This region is characterized by highly variable and

low annual precipitation (100–300 mm), extremes of

temperatures (-3 to 48 �C), high wind speed

(8–9 ms-1), and long sunshine hours (*9.4 h d-1)

which characterize a very large evaporative demand.

Because of poor rainfall, soil moisture stress is an

impediment to vegetation growth. The soils are loose,

sandy to sandy loamy with excess permeability

([25.4 cm h-1) and moderate to large water retention

capacity (SHYAMPURA et al. 2002). Rainfall is received

during a short duration in southwest monsoon with

about 15 rainfall events and the supply of moisture

lasts for a limited period of 90 days only. Low

humidity, combined with strong wind regime, leads

to advection, a phenomenon that causes evaporation

loss more than the energy actually available through

solar radiation (LEUNING et al. 2012).
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2.2. Observations

A 10 m micrometeorological tower with satellite

based (INSAT: Indian National Satellite) data trans-

mission facility was installed at Central Arid Zone

Research Institute (CAZRI) experimental area (Fig. 1d)

at Chandan (26�590N, 71�200E). The tower has a fetch
ratio of approximately 1:50 (fetch from all directions is

over 500 m) for continuous and automated measure-

ments of components of radiation balance, Bowen ratio

energy balance (BREB) and water balance (RAJA et al.

2013; BHATTACHARYA et al. 2013).

The details of various sensors are described in

BHATTACHARYA et al. (2009). The sensors consist of

four-component net radiometer (at 4 m) (Kipp and

Zonen, Delft, The Netherlands), two-depth (at 0.1 and

0.2 m) soil heat flux plates (HFP01SC, Radiation and

Energy Balance System Inc., USA), three-height air

temperature and relative humidity probes with a

shielded and aspirated sensor (HMP-45C, Campbell

scientific, Logan, USA) and anemometer for wind

speed and direction (KDS-131, KEPL, India) (at 1.25,

2.5 and 7.5 m), three-depth soil thermometers (KDS-

031,KEPL, India) (0.05, 0.2 and 0.45 m) and rain-gage

of tipping bucket type (KDS-071, KEPL, India). In

addition, monthly volumetric sampling of soil mois-

ture was carried out from three depths (0.05, 0.2,

0.45 m) near the tower. A 25-channel data logger

(DSAWSKM1-W, KEPL, India) logged data every

secondwhich were averaged over 30 min and stored in

the data logger. The half-hourly micrometeorological

data on radiation and energy balance components,

winds and air temperature recorded during January to

December 2012 in arid grassland ecosystem are used

for comparison with model results. In addition, the

sensible and latent heat flux reanalysis data at regional-

scale (2/3� 9 1/2� spatial resolution) was obtained

from land surface products of MERRA (Modern Era

Retrospective-analysis for Research and Applications)

for comparison of model derived fluxes averaged over

inner domain. MERRA is a NASA reanalysis for the

satellite era using a major new version (V5) of the

Goddard earth observing system (GEOS) data assim-

ilation system (DAS).

2.3. Data Analysis

The processing of AMS mast data was carried out

using ‘Fluxsoft’ software developed at Space Appli-

cations Centre (ISRO) (BHATTACHARYA et al. 2009).

The instantaneous energy balance components are

used for model comparison. Micrometeorological

components were computed from the ratio of vertical

gradients of air temperature and actual vapor pressure

(converted from relative humidity and air tempera-

ture data) from the sensors placed at 2.5 and 7.5 m

heights.

Figure 1
Location map of the study area: a Modelling domains used in ARW surrounding Jaisalmer, Rajasthan in the arid northwestern India,

b experimental site at Chandan (CAZRI) (true color composite from Landsat-7 (ETM?) on over grassland at peak growth stage), c field

photograph of grass growth pattern, d and box in panel ‘c’ denotes the location of the micrometeorological station
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The energy balance approach (ARYA 2001) was

based on the assumption that at the surface-atmo-

sphere interface and the net radiation (Rn) is

partitioned into sensible heat flux (H), latent heat

flux (LE), ground heat flux (G) and metabolic or

storage energy in the vegetation canopy (DQ).

Rn ¼ H þ LEþ G þ DQ ð1Þ

Rn ¼ RSin � RSout þ RLin � RLout ð2Þ

RS and RL are shortwave (SW) and longwave (LW)

radiation, respectively. The ‘in’ and ‘out’ are radia-

tive flux directions. The storage heat of the canopy is

being ignored in diel 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 the short, open canopy vegeta-

tion. The amount of metabolic heat is usually

negligible as compared to other components.

Neglecting these energy terms, the Eq. (1) can be

rearranged as:

Rn � G ¼ AE ¼ H þ LE ð3Þ

AE is the net available energy. The H and LE are

computed using simple aerodynamic approach fol-

lowing Monin–Obukhov Similarity Theory (MOST).

In this approach 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). First, the

zero plane displacement (d) and roughness length (z0)

were computed from plant height (h) using simple

empirical relationships: d = 0.65 9 h and

z0 = 0.1 9 h as given in CAMPBELL and NORMAN

(1998). The vapor pressure (e), specific humidity (q),

air density (q), etc. were computed from the tower

measurements of temperature, RH and atmospheric

pressure using standard psychrometric equations. The

stability corrected aerodynamic resistance was cal-

culated following DYER and HICKS (1970). An

iterative technique was applied by initializing sta-

bility factor w = 1 and L = 0 (neutral stability

condition). The H, u* and L were computed following

Eqs. (4–8), respectively. The iteration was repeated

till the assumed L becomes nearly equal to the

computed L (at 0.001 level of precision). The final

value of L was used for the computation of H and LE

flux.

The aerodynamic resistance was estimated from

wind speed and roughness parameters using the

logarithmic wind profile equation. Solution of loga-

rithmic 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. In the

present study, stability corrected aerodynamic resis-

tance was determined by solving the auto-correlation

assuming Monin–Obukhov’s Similarity Theory

(MOST) following the approaches of (DYEr 1974;

BELJAARS and HOLTSLAG 1991; DE BRUIN et al. 2000).

The transfer of sensible and latent heat is

expressed as:

Sensible Heat Flux Hð Þ ¼ �qCph�u� ð4Þ

Latent Heat Flux LEð Þ ¼ �qq�u� ð5Þ

where, q = air density (kg m-3), Cp (specific heat of

air) = 1000 J kg-1 K-1, k = latent heat of vapor-

ization of water (2.45 9 106 J kg-1), h* =
temperature scale, q* = humidity scale and

u* = frictional velocity (scale of mechanical

turbulence).

The terms: u�, h� and q* are expressed as:

u� ¼
ku

ln Zm � dð Þ=Zom½ � � wmðsZm
Þ þ wmðsZom

Þ ð6Þ

h� ¼
kh

ln ZT � dð Þ=Zoh½ � � whðsZh
Þ þ whðsZoh

Þ ð7Þ

q� ¼
kq

ln Zq � d
� �

=Zoq

� �
� wqðszq

Þ þ wqðsZoq
Þ

ð8Þ

where d = zero plane displacement (m),

z0 = roughness length (m), wm, wh and wq are

dimensionless stability functions, and z = height (m).

The subscripts m, h and q stand for momentum, vapor

and sensible heat fluxes, respectively. The stability

functions W is the integration of the dimensionless

profiles ‘/’ and are a function of Monin—Obukhov

similarity length (L) or Z/L (XU and QIU 1997),

L ¼ �q
CpTabsu

3
�

kgH
ð9Þ
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where, q = air density (kg m-3) calculated from

atmospheric pressure, RH (relative humidity) and

temperature, Tabs = absolute temperature,

Cp = specific heat of air = 1005 J kg-1 K-1, and

g = acceleration due to gravity = 9.81 m s-2.

2.4. Model Description

The Advanced Research WRF (ARW) mesoscale

atmospheric model based on Eulerian mass dynam-

ical core developed by NCAR, USA (SKAMAROCK

et al. 2008) is used to simulate the surface fluxes and

surface layer variables in this study. In recent times

this model is widely used to investigate the impact of

land surface processes on regional climate over

various areas (KAR et al. 2014; SRINIVAS et al. 2014;

BOLLASINA and SUGAM 2011). The model predicts

three-dimensional wind, perturbation quantities of

potential temperature, geopotential, surface pressure,

turbulent kinetic energy and scalars (water vapor

mixing ratio, cloud water etc.). The model includes a

number of physics parameterizations for the simula-

tion of land-biosphere processes, boundary-layer

turbulence, convection, cloud micro-physics and

radiation transfer in the atmosphere. The vertical

coordinate of the model is terrain following hydro-

static pressure and the model horizontal grid is

Arakawa staggered C-grid. The model can be

configured to any region with dynamical nesting

and using suitable physics parameterizations to

resolve various scales of atmospheric processes.

2.5. Numerical Simulations

The ARW model is configured with four interactive

nested domains (Fig. 1a). The outer domain covers

northwest India and Pakistan with 54 9 55 grid cells

and a cell size of 27 km, the second domain covers

Rajasthan, northern Gujarat and southwestern Pakistan

with a 100 9 100 grid cells and a cell size of 9 km, the

third domain covers the northwest Rajasthan with

151 9 151 grid cells and a cell size of 3 km, and the

fourth domain covers the Jaisalmer region around

Chandan with 202 9 202 grid cells and cell size of

1 km. Simulations were conducted for typical fair

weather days in three seasons (12–14 January in

Winter, 29–31 May in Summer, 19–21 August in

Southwest monsoon of year 2012). The model is

integrated for 48-h periods starting from 00 UTC/0600

IST on these dates (00 UTC 12 Jan, 00 UTC 29 May,

00 UTC 19 August 2012) with initial and boundary

conditions taken from the 3-dimensional 3-hourly

National Centers for Environmental Prediction (NCEP)

Global Forecasting System (GFS) meteorological

analysis and forecasts available at 0.5� (&50 km)

resolution. The selected model physics parameteriza-

tions are the Kain-Fritsch scheme (KAIN and FRITSCH

1993) for convection, WRF single moment (WSM6)

for cloud microphysics, Yonsei University (NOH et al.

2003; HONG et al. 2006) non-local scheme for Planetary

Boundary Layer (PBL) diffusion, MM5 similarity

theory (ZHANG and ANTHES 1982), RRTM scheme for

longwave radiation (MLAWER et al. 1997; DUDHIA 1989)

scheme for shortwave radiation processes. The RRTM

is a spectral band scheme using correlated-k method to

accurately simulate longwave processes due to atmo-

spheric constituents. The Dudhia shortwave

scheme computes downward solar flux considering

absorption and reflection of clouds, clear-sky scatter-

ing, absorption of water vapor, surface slope and

shading effects. No cumulus convection scheme is

employed for the fine domains 3 and 4. For each season

case, simulations are conducted with Noah land surface

scheme (CHEN et al. 2001; TEWARI et al. 2004) and

5-layer soil thermal diffusivity model (5TD) (DUDHIA

1996) to study model sensitivity to land surface

physics. These experiments are referred as Noah,

5TD, respectively.

The Noah land surface scheme (CHEN and DUDHIA

2001) computes soil temperature and moisture in 4

layers (0–10, 10–20, 20–40, and 40–100 cm), includ-

ing canopy moisture, snow cover and soil physics

which includes evapotranspiration, vegetation cate-

gories, root zone, soil drainage, runoff, and soil

texture. It computes the sensible (H), latent heat (LE)

fluxes and temperature at surface level. These fluxes

are transported throughout the boundary layer and

thus influence the growth and decay of the boundary

layer (CHEN and DUDHIA 2001; MIAO et al. 2009).

Surface sensible (H) and latent (LE) heat flux

provided by Noah LSM are stated as,
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H ¼ qcpChuðTsfc � TairÞ; ð10Þ

LE ¼ qdcpChuðqsfc � qairÞ; ð11Þ

where, q, qd is the density of moist and dry air; cp is

the specific heat for air at constant pressure; Ch is the

surface-layer turbulent exchange coefficient, u is the

mean wind speed, qair, Tair are specific humidity and

temperature at the first model level, Tsfc, qsfc are the

surface temperature and specific humidity. The 5-

layer soil model (DUDHIA 1996) solves the thermal

diffusivity equation with 5 soil layers (1, 2, 4, 8 and

16 cm). The energy budget includes radiation, sen-

sible and latent heat fluxes. It treats the snow cover,

soil moisture fixed with a land use and season

dependent constant value and explicit vegetation

effects are not considered.

The US Geological Survey (USGS) terrain, 24-cat-

egory land use and the food and agriculture

organization (FAO) 16-category soil texture are inter-

polated from the original 5-arcminute, 2-arcminute and

30-arcsec datasets to the model grids 1, 2, 3 and 4,

respectively. The vegetation fraction and background

surface albedo data are adopted from the NCEP

monthly climatological datasets available at 0.1448�
horizontal resolution (GUTMAN and IGNATOV 1997;

CSISZAR and GUTMAN 1999). The land use classes and

seasonal changes in green vegetation fraction in the

innermost domain are presented in Fig. 2. The initial

soil moisture and temperature in the LSMs are defined

from NCEP global data assimilation system (GDAS)

which follows a full self-cycling of soil moisture and

temperature.

The YSU PBL scheme computes the vertical

diffusion in the atmospheric boundary layer with

first-order following a k-profile method and inclusion

of counter gradient fluxes to account for non-local

transport of heat and moisture fluxes. The friction

velocities and exchange coefficients for the calcula-

tion of surface heat and moisture fluxes are computed

using MM5 surface layer scheme which follows an

iterative procedure using stability correction func-

tions from (PAULSON 1970; DYER and HICKS 1970;

WEBB 1970). These fluxes serve as boundary condi-

tions for computing the vertical diffusion in the PBL.

Figure 2
Vegetation fraction in a winter, b summer, c SW monsoon season, d land-cover in the study area

2200 P. Raja et al. Pure Appl. Geophys.



The surface layer scheme couples the fluxes of heat,

moisture and momentum from the model surface to

the boundary layer above. Hence, the land surface

scheme influences the predictions of the surface

fluxes and the evolution of state variables in the

atmosphere. Accurate prediction of surface fluxes and

surface layer variables by mesoscale models is

important as these quantities ultimately influence

the prediction of PBL profiles and the model

thermodynamics influencing the model predictions

of several weather phenomena.

3. Results and Discussion

The dynamics of vegetation in the study region

associated with monsoon rainfall controls the surface

energy fluxes and other surface variables. The results

of simulations are analyzed from the model inner-

most grid with 1-km resolution. The variables

analyzed include shortwave (SW) radiation, friction

velocity (momentum flux), surface energy fluxes

(sensible and latent heat), 10 m winds, 2 m air tem-

perature and mixing ratio and PBL heights in

different seasons. The parameters taken from vege-

tation (albedo, moisture availability, surface

roughness, moisture content) and those specified from

soil categories (reference soil moisture, wilting point

moisture, saturation soil conductivity, saturation soil

diffusivity and soil thermal conductivity) influence

the evolution of surface energy fluxes in the simula-

tions. Seasonal differences in vegetation, agriculture

systems, rainfall and soil moisture in the year have

implications on the land surface processes. The sea-

sonal changes in vegetation in the model are

represented through green vegetation fraction deter-

mined from normalized difference vegetation index

(NDVI) (GUTMAN and IGNATOV 1997) which is com-

puted using satellite remote sensing data. The

simulations of various seasons are sensitive to the

changes in the vegetation fraction data. The seasonal

vegetation fraction in the model 4th grid (Fig. 2)

shows that while the northwestern parts are always

devoid of vegetation (vegetation fraction nearly zero

due to desert sands), the southeastern parts have large

seasonal variation in vegetation. The vegetation

fraction in these areas varied from 12 to 3 % and the

areas are more densely vegetative during winter and

monsoon seasons and dry in the summer season.

3.1. Radiation and Surface Energy Fluxes

The diel shortwave (SW) and longwave (LW)

radiation cycle from model and observations are

presented in Fig. 3. The shortwave radiation (SW)

has nearly similar magnitude in both summer and

monsoon seasons, however, the longwave radiation is

slightly more in monsoon season. It is seen that the

simulated LW is very high in summer (350–400

Wm-2) and monsoon (410–450 Wm-2) compared to

the winter (250–275 Wm-2) season. The SW radia-

tion is underestimated in monsoon season, and

overestimated in winter and summer. The SW

radiation simulated by 5TD, Noah schemes are nearly

similar as the Dudhia shortwave radiation

scheme considers the effects of clear-sky scattering,

absorption of water vapor and surface slope and

shading effects only. Unlike the SW radiation there

are few differences in the LW radiation simulated by

5TD and Noah schemes (Fig. 3), especially in the

summer which could be due to differences in the

infrared emission based on surface temperature and

land-use type by the RRTM scheme. The infrared

emission depends on the vegetation type and its

density which varied seasonally in the simulation

domain (Fig. 1). Except monsoon, there is a large

underprediction of LW in both the winter and

summer, and the estimates by Noah are considerably

better with &25 % improvements over the estimates

from 5TD. LW is sensitive to the emissivity, which is

a seasonally varying parameter according to the

variation in the vegetation density. The large under-

prediction of LW in the case of 5TD during summer

and winter is due to considering a seasonal fixed

value for emissivity. The Noah scheme simulates

vegetation processes explicitly and thereby LW more

realistically.

The evolution of diel surface sensible heat flux in

the three seasons (Fig. 4a–c) shows relatively large

heat fluxes in summer (&500 Wm-2) followed by

monsoon (&400 Wm-2) and winter (&200 Wm-2).

The large sensible heat fluxes occur in the study area

in summer because of dry and exposed soils that

directly emit longwave radiation thus warming the
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surface layer of atmosphere. The heat fluxes in

summer are nearly thrice larger than those in winter.

The latent heat fluxes (Fig. 4d–f) are larger in

summer (400 Wm-2) and monsoon (250 Wm-2)

compared to winter (100 Wm-2). The growth in

vegetation in response to monsoon rainfall (Fig. 2)

Figure 3
Diurnal variation of simulated short and longwave radiation (Wm-2) along with observations for a, d winter b, e summer c, f SW monsoon

season. Top panels are for shortwave and bottom panels are for longwave radiation. Noah, 5TD denote the simulation outputs using Noah and

5TD schemes respectively

Figure 4
As in Fig. 3, but for surface energy fluxes (Wm-2). Top panels represent the sensible heat and bottom panels represent latent heat flux
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and soil moisture reduced the albedo, increased

energy absorption, and thus reduced the sensible heat

flux in monsoon and post-monsoon period. The large

LE in summer at the observation site could be due to

direct evaporation of pre-monsoon rainfall and due to

thunder-storms in the region. The H at the observa-

tion site is about two times higher than LE in winter

and monsoon season. A comparison of domain

averaged heat fluxes from model and MERRA data

(Fig. 5) shows a similar behavior of sensible heat flux

at the regional scale in different seasons to that at

Chandan, however, the latent heat is about three and

ten times smaller than the sensible heat in winter and

summer, respectively, and is slightly higher than the

sensible heat in the monsoon season. This suggests

the energy transport to atmosphere from this arid

zone with barren lands occurs mainly by dry

processes rather than through moisture transport.

The high sensible heat transport is attributed to poor

monsoon rainfall, low soil moisture and low vegeta-

tion and the results corroborate with similar studies

from arid Northwest China (ZHOU et al. 2010; ZHANG

et al. 2005). The higher latent heat during monsoon

season is due to soil moisture refilling by rainfall and

associated moisture driven green grass growth, thus

indicating seasonal vegetation controls the energy

partitioning.

The Noah land surface scheme predicted compar-

atively higher sensible heat fluxes close to the

observational estimates in all seasons than the

multi-layer soil model and shows *15 % improve-

ment over those produced by the 5TD scheme.

Though the 5TD scheme produced slightly better

agreement of latent heat with observations at Chan-

dan, it predicted higher latent heat relative to Noah at

the regional scale (Fig. 5). The difference in simu-

lated fluxes between the two LSM schemes is very

small in winter but large in summer and monsoon

season which is because the complete surface

processes (canopy reflectance, evapotranspiration,

dew or fog effect etc.) are not included in the simple

5TD soil model. This is evident particularly in the

monsoon season where the soil model simulated

relatively large latent heat flux compared to the Noah

scheme, mainly because of not explicitly accounting

for soil moisture and vegetation processes. Verifica-

tion of surface fluxes at Chandan station shows a

negative bias indicating underestimation of the fluxes

Figure 5
As in Fig. 3, but for regional surface energy flux (Wm-2) along with MERRA observations. Top panels represent the sensible heat and bottom

panels represent latent heat flux
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by both the schemes. This negative bias in fluxes

could be due to negative bias in net radiation

resulting from a bias of 20–50 Wm-2 in downward

shortwave radiation (RSin). Both the land surface

schemes could not represent the nocturnal downward

fluxes found in the observations indicating clear

weakness of both models.

3.2. Air Temperature and Humidity

The surface fluxes are transported and diffused in

the boundary layer of the atmosphere and therefore

influence air temperature and humidity. Both soil and

air temperatures are high in summer, monsoon season

compared to winter (Fig. 6) and followed the heat

fluxes in the respective seasons. The large air

(&45 �C) and soil (&58 �C) temperatures in the

summer characterize the heat low of the southwest

monsoon which develops over the north-western India

before the onset of monsoon. In all seasons the diel

cycle of air temperature (2 m) and soil temperature

(0–30 cm layer) is very closely simulated by Noah

scheme compared to the 5TD (Fig. 6) though the air

temperature is slightly underestimated. Slight warm

bias inwinter andmonsoon seasons and slight cold bias

in summer are found in soil and air temperatures. Both

simulations and observations show large daily tem-

perature ranges in summer (&20 �C) and winter

(&15 �C) compared to the monsoon season

(&10 �C) which is because of cloud activity in

monsoon season. The better performance of Noah

model for air temperature seems to be due to

reproducing the soil temperature and sensible heat

flux more accurately than the simple soil model. While

the soil model produced large cold bias, the Noah

scheme reduced the bias in summer soil temperatures

(Fig. 6). The Noah scheme also simulated the seasonal

variation in soil temperatures in good agreement with

observations. The regional spatial soil temperature

field simulated using the 5TD and Noah schemes

(Fig. 7) shows the distribution of highest temperatures

in summer and monsoon season and the lowest

temperatures in winter over the western and north-

western barren land areas having sparse vegetation.

Figure 6
As in Fig. 3, but for air and soil temperature (�C). Top panels represent the 2-m air temperatures and bottom panels soil temperatures

Figure 7
Spatial variation of soil temperature (�C) for a, b winter on 06

UTC/1200 IST 13 Jan 2012, c, d summer on 06 UTC/1200 IST 30

May 2012, e, f SW monsoon on 06 UTC/1200 IST 20 Aug 2012.

Right panels are for Noah LSM and left panels are for 5TD scheme

c
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The 5TD scheme simulated systematically larger

temperatures (Fig. 7a, c, e) relative to the Noah

scheme (Fig. 7b, d, f) throughout the domain.

Both observations and simulation show higher

humidity mixing ratio (2 m) during the monsoon

season compared to other seasons (Fig. 8) due to

large latent heat transport during the monsoon. The

Noah scheme simulated the humidity in better

agreement with observations than the 5TD which

produced large humid bias in all the seasons. The

better comparisons of humidity with Noah

scheme are due to the explicit treatment of vegetation

processes such as canopy effects, evaporation and

evapotranspiration (CHEN and DUDHIA 2001).

3.3. Wind Field and Boundary Layer Height

Both observed and simulated winds at Chandan site

are stronger during summer and southwest monsoon

season compared to winter (Fig. 9) and there is good

agreement of simulated winds with observations using

5TD scheme. The Noah scheme produced relatively

stronger winds in summer than the 5TD which would

lead to transfer of higher momentum fluxes (u*). The

higher observed and simulated friction velocity (mo-

mentum flux) in summer and southwest monsoon as

compared with winter (not shown) could be due to the

stronger surface level winds in these seasons. The daily

variation in u* with peak values during daytime and

lowest values at night is well reproduced in the

simulation and is in good agreement with observations.

However, the model slightly overestimated momentum

flux in summer. Overall, the low-level winds are better

simulated by 5TD than Noah.

The spatial daytime simulated surface layer

mesoscale flowfield at 10 m level corresponding to

0800 UTC/1400 IST (Fig. 10) shows the variation in

wind patterns in different seasons. The daytime

Figure 8
Diurnal variation of simulated 2-m mixing ratio (g/kg) along with observations for a winter b summer c SW monsoon season. Noah, 5TD

denote the simulation outputs using Noah and 5TD schemes respectively

Figure 9
As in Fig. 8, but for 10-m wind speed (ms-1)
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Figure 10
Spatial 10-m wind field (in vectors), total surface energy flux (Wm-2) (in shaded) and flux convergence (s-1) for a, b winter on 06 UTC 13

Jan 2012, c, d summer on 06 UTC 30 May 2012, e, f SW monsoon on 06 UTC 20 Aug 2012. Right panels are for Noah LSM and left panels

are for 5TD scheme
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surface layer winds are influenced by mesoscale

southerly to southwesterly winds in the summer and

winter, and by the large-scale southwesterly winds

during southwest monsoon. Large spatial variability

in winds is noticed between winter and summer in the

study region. Also large diel variability of winds

(wind direction) is seen in the summer and winter

months (not shown) which could be due to generation

of local winds due to spatial variation in land use and

land cover (desert to agriculture lands). Appreciable

differences in the spatial wind field are noticed in the

southwestern parts in the winter season (Fig. 10a, b)

and in the southwestern and eastern parts in the

southwest monsoon (Fig. 10e, f) between the two

simulations. The differences in the flow field and

surface fluxes (sensible heat and latent heat) among

the two land surface schemes lead to differences in

advection of heat and moisture fluxes at the obser-

vation site in the two simulations. The simulations

indicate stronger flux convergence (-0.1 to

-0.4 s-1) at the observation site in 5TD compared

to Noah (-0.05 to -0.1 s-1).

Simulated spatial PBL height (Fig. 11) shows

formation of deep to very deep boundary layers

(1800–2800 m) in summer which is due to extremely

large sensible heat fluxes associated with sparse

vegetation (Fig. 5) that control the degree of con-

vective turbulence in this season. The PBL height is

reduced during the monsoon (1500–2100 m) and

post-monsoon (1300–1800 m) seasons due to devel-

opment of vegetation driven by monsoon rainfall and

decrease of heat fluxes. Large differences (i.e.,

location of deep layers vs shallow layers) are noted

in the PBL height among the two LSMs in each of the

seasons. The deep PBL layers are found in the

northeastern parts in summer, in northern areas

during southwest monsoon, and in southwestern parts

during winter. The Noah scheme produced relatively

deeper PBL layers than the 5TD scheme throughout

the domain in all seasons (Fig. 11a–d). In the

southwest monsoon season the 5TD scheme produced

relatively deeper boundary layers compared to the

Noah (Fig. 11e–f) which is confirmed by radiosonde

observations at Jodhpur (26.30N, 73.01E). Simulated

vertical profiles of mixing ratio and potential tem-

perature corresponding to the radiosonde observation

site at Jodhpur (Fig. 12) shows highly stable boundary

layer (in winter, neutral to stable boundary layers in

summer and neutral layers (in monsoon seasons in the

morning time. The vertical structure of the morning

PBL (Fig. 12a–f) in all seasons is well simulated in

Noah where as 5TD produced deeper layers in

monsoon (Fig. 12b, e). The daytime profiles

(Fig. 12g–l) show very deep boundary layers

(&1700 m) during summer and monsoon season

and moderate layers (&1200 m) during winter and

that Noah produced relatively deeper layers com-

pared to 5TD. The deep boundary layers in summer

and moderate layers in monsoon are well simulated

by Noah because of realistically simulating the

surface energy fluxes accounting for the effects of

rainfall, soil moisture accumulation, plant canopy and

evapotranspiration processes. The deep boundary

layers noticed in the western, northern and north-

western areas of the domain are because of large heat

fluxes associated with barren lands and desert sands.

The simulation using Noah scheme realistically pro-

duced the spatial variation in PBL height associated

with land-cover/vegetation dynamics in the study

region. The Noah scheme has produced relatively

larger PBL height compared to the 5TD soil

scheme and it realistically accounts the total upward

heat fluxes.

The performance of the two land surface schemes

is examined quantitatively by computing error statis-

tics (bias, mean absolute error, root mean square error

and correlation) with observations for all three

seasons at Chandan station (Table 1). It has been

found that in all three seasons, the Noah scheme pro-

duces a smaller error for various land surface

parameters than the simple 5TD soil scheme which

is most pronounced in reduction of the cold bias in

temperature, humid bias in relative humidity, nega-

tive bias in sensible and latent heat fluxes, and cold

bias in soil temperatures.

Further attribution needs both observational and

modelling studies on all relevant physicalmechanisms,

which is challenging due to the scarcity of adequate

observations in this arid region. The differences

between observations and the WRF simulation high-

light the need for improved observation network and

designing suitable land-data assimilation. More in situ

data will allow us to quantify the feedbacks between

vegetation conditions and the surface heat fluxes and to
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Figure 11
Spatial boundary layer height (in shaded), relative humidity (in contour) for a, b winter on 06 UTC 13 Jan 2012, c, d summer on 06 UTC 30

May 2012, e, f SW monsoon on 06 UTC 20 Aug 2012. Right panels are for Noah LSM and left panels are for 5TD scheme
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have a more realistic parameterization of surface

processes in atmospheric models. The gap in the

simulated and observed parameters in the present study

shows that accurate simulation of land surface pro-

cesses: such as LE and H into the atmosphere, is

essential for characterizing the land/atmosphere cou-

pling that strongly affects the monsoon system.

4. Conclusions

Present study examined the evolution of the land

surface parameters and their seasonal variation in the

Thar Desert region of Rajasthan in western India

using the ARW regional atmospheric model. Obser-

vations on micrometeorological variables and surface

Figure 12
Comparison of simulated vertical profiles of mixing ratio q (g/kg) and potential temperature h (K) with Radiosonde observations on 13 Jan 12

(winter), 30 May 12 (summer) and 20 Aug 12 (southwest monsoon). The first and third rows are for h; and second and fourth rows are for

q. Panels a–f are for 0000 UTC and panels g–l are for 0800 UTC
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energy fluxes from a ISRO developed Agrometeoro-

logical station (AMS-ISRO) and a weather station at

CAZRI experimental field, Chandan in Jaisalmer are

used for comparison. Two land surface physics

schemes in ARW are evaluated with flux datasets.

Large seasonal variations are found in the simulated

Table 1

Error statistics of WRF simulations from the two LSM schemes for short and longwave radiation components, surface fluxes and surface

meteorological variables at Chandan, Jaisalmer

Parameter Season Experiment BIAS MAE RMSE R

Temperature (�C) Winter Noah 0.96 2.19 2.53 0.98

5TD 1.02 3.00 3.28 0.96

Summer Noah -1.39 1.50 1.89 0.97

5TD -4.16 4.07 4.55 0.93

Monsoon Noah -0.94 1.34 1.64 0.92

5TD -1.62 1.91 2.17 0.88

Relative humidity (%) Winter Noah -10.32 11.04 14.58 0.89

5TD 17.02 18.36 21.35 0.70

Summer Noah 6.27 8.08 10.20 0.92

5TD 26.20 25.87 29.21 0.76

Monsoon Noah 4.51 5.53 6.69 0.89

5TD 15.35 15.32 17.07 0.77

Wind speed (ms-1) Winter Noah 1.11 1.15 1.35 0.41

5TD 0.43 0.83 0.95 0.24

Summer Noah 0.90 1.90 2.39 0.13

5TD -1.11 1.83 2.17 0.48

Monsoon Noah -0.14 1.18 1.42 0.10

5TD -1.39 1.73 1.97 0.12

Short wave radiation (Wm-2) Winter Noah 23.33 23.39 43.08 1.00

5TD 22.40 22.54 41.58 1.00

Summer Noah 44.52 45.75 71.64 1.00

5TD 43.36 44.63 69.71 1.00

Monsoon Noah -71.76 86.46 149.94 0.92

5TD -68.24 82.06 138.80 0.93

Long wave radiation (Wm-2) Winter Noah -32.83 32.16 37.63 0.73

5TD -30.19 29.57 35.55 0.70

Summer Noah -48.40 47.42 51.74 0.74

5TD -53.36 52.27 54.72 0.88

Monsoon Noah -5.65 10.37 12.94 0.85

5TD -6.30 9.42 11.44 0.90

Sensible heat flux (Wm-2) Winter Noah -29.50 37.18 57.78 0.91

5TD -33.57 42.12 65.06 0.91

Summer Noah -11.60 49.74 65.63 0.98

5TD -37.66 67.25 88.77 0.97

Monsoon Noah 23.87 66.36 82.24 0.89

5TD 38.06 58.15 72.96 0.90

Latent heat flux (Wm-2) Winter Noah 1.21 17.34 22.93 0.75

5TD 4.06 19.70 25.71 0.78

Summer Noah -24.91 102.45 119.86 0.92

5TD -14.23 82.70 101.65 0.90

Monsoon Noah -29.43 64.63 78.51 0.86

5TD -22.35 55.87 67.32 0.86

Soil temperature (�C) Winter Noah 3.16 3.09 3.52 0.98

5TD 1.74 3.07 3.96 0.87

Summer Noah -3.67 3.65 4.27 0.98

5TD -9.77 9.57 10.47 0.90

Monsoon Noah 0.37 2.06 2.67 0.88

5TD -2.85 3.57 4.25 0.81
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fluxes and surface meteorological parameters. The

differences are attributable to the large seasonal dif-

ferences in vegetation and rainfall at the study region.

Results suggest that the Noah LSM reproduces vari-

ous land surface parameters in better comparison with

observations over simple soil diffusion model which

is revealed from qualitative and quantitative com-

parisons for various land surface parameters. The

daytime fluxes are higher by 40 % in summer, 25 %

in monsoon compared to winter fluxes which model

could correctly predict using Noah LSM. The high

heat fluxes (&400–500 Wm-2) in summer and

monsoon season is due to poor monsoon rainfall, low

soil moisture and consequent low vegetation that

supports energy transfer mostly by sensible heat. The

higher heat fluxes in these seasons are also because of

strong advective heat transport to the observation site

which is identified from wind field simulated by

ARW model. Error statistics reveals that the model

biases are reduced with Noah LSM for surface energy

fluxes, temperature, winds and other variables. The

biases in some of the parameters could be due to

initial soil moisture and temperature fields initialized

using NCEP analysis data. The model simulations of

different land surface parameters using ARW with

Noah LSM can be used for hydrologic and agricul-

tural applications in the study region for crop

planning purposes. Some of the areas which need

improvements in simulations include: (1) reduction of

surface insolation bias using a better radiation trans-

fer model in WRF, (2) validation of sensible, latent

and ground heat flux physics to account for issues of

soil moisture-temperature initialization, (3) applica-

tion of higher resolution vegetation and soil classes in

the land surface physics, and (4) expansion of vali-

dation effort with other available station data sets in

the study region. The simulations can be further

refined using a local land data assimilation system by

generating soil moisture and temperature measure-

ments and using high resolution local land-use and

soil cover data sets in the region which would be

attempted in the future work.

Our study concludes that actions to rejuvenate the

arid grasslands (*1/3 of the entire region), will both

facilitate a sustainable agro-ecological development

and local climate benefits in this water scarce region.

More accurate and long-term simulations of the

biophysical coupling between the land surface and

the atmosphere are needed to help understand regio-

nal climate change and possible larger scale

feedbacks between desert climate and the monsoon

system in the southeast Asia.
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