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ABSTRACT

Soil moisture (SM) and atmospheric parameters determine the surface energy partition, which impacts near-surface air temperature and moisture.
Two locations, Pune and Ranchi, with different soil moisture (SM at Pune with clay soil is higher than that at Ranchi with loam soil), are chosen
to evaluate the NOAH land surface model (NCEP, OSU-version 2.7.1) for winter, pre-monsoon and post-monsoon seasons. We have used the
estimated surface fluxes by eddy covariance technique for the model validation. Agreement is better between the model and observations of net
shortwave radiation for dry soil than that for wet soil, such a feature caused by surface albedo mismatch. Model validation of sensible (H) and
latent (LE) heat fluxes at Pune indicate better agreement overall for winter (Jan; R? and RMSE for H, 0.72, 34) and post-monsoon (Nov; 0.67,
56) compared to summer, (May; 0.55, 70). Similar is the case at Ranchi, with R> and RMSE for winter and post-monsoon (January: 0.8, 24 &
November: 0.9, 14) better and lower for summer (May: 0.7, 65). Bowen ratio (Model) for wet soil (0.45) is lower than that for dry soil (0.6).
The model underestimates ground heat flux for wet soil and overestimates for dry soil due to soil thermal and hydraulic conductivity uncertainty.
Further improvement of parameterization schemes in the land surface models would help better understand soil hydrology and boundary layer

development.
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Surface energy fluxes, driving atmospheric convection
and precipitation, mainly depend on net radiation and soil moisture.
Partition of net radiation into sensible, latent and ground heat fluxes
varies spatially and temporally due to land-use patterns and soil
moisture variability. Soil moisture (dry or wet soil) modifies surface
albedo, determining how much incident radiation gets reflected,
influencing net radiation. Soil heat flux varies with soil moisture,
and a fraction of net radiation goes into soil as soil heat flux;
remaining available energy at the surface partitions into sensible and
latent heat fluxes. Surface energy budget and its seasonal variation
using observations (Murthy et al., 2001; Patil et al., 2001; Kumar
et al., 2007; Ghosh et al., 2023) and remote sensing (Danodia et
al., 2024 a, b) have been reported by several studies. Evaporation
(latent heat flux) consists of evaporation from the soil, transpiration
by vegetation and canopy water evaporation (Liang and Guo, 2003;
Han et al., 2008; Rosero et al., 2010). Canopy water is free water
settled on the canopy due to precipitation or dew fall and depends
on plant type, actual water content and shading factor (Pan and

Mabhrt, 1987). Evaporation from soil is linearly dependent on soil
moisture if soil moisture is less than the threshold/critical value
(soil moisture control regime). This threshold value lies between
the field capacity and the wilting point and varies according to soil
type. Soil evaporation becomes insensitive to soil moisture when
its value exceeds the critical/threshold value. Its variation is further
controlled by radiation and relative humidity/saturated water vapour
deficit/atmospheric demand. The soil moisture threshold, at which
the evaporation regime shifts from soil to the atmosphere, has a large
spatial variability (Haghighi et al., 2018). Dry soil causes relatively
more sensible heat flux, while wet soil results in more latent heat
flux; thus, soil moisture regulates energy partition at the land surface
and influences near-surface climate. Land-atmosphere interactions
are complex, involving energy exchange processes for various land-
use patterns like wetlands, irrigated crops, plant canopies, lakes,
and so on (Fisher and Koven, 2020), influencing roughness length
for momentum, soil moisture and partitioning of net radiation into
surface fluxes. Sensible and latent heat fluxes determine vertical
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temperature and moisture profiles, and their gradients determine the
degree of vertical static instability, convection, and precipitation.
Precipitation neutralizes instability, bringing the atmosphere back
to stable conditions with clear skies, which increases incident solar
radiation at the surface and causes convective cloud development
again (Rajagopal et al., 2001; Murthy et al., 2004).

NOAH-LSM is either used offline with given atmospheric
forcing (Bowling et al., 2003), two-dimensional horizontal land
surface domains and three-dimensional fully coupled mesoscale
models (Marshall et al., 2003). The soil thermal conductivity is
determined by the porosity, type of texture, and soil moisture content
(Peters-Lidard et al., 1997) in the case of soil moisture-dependent
soil thermal conductivity.

Land surface heterogeneity can be seen over the Indian
sub-continent in the tropics because soil properties change at a
spatial scale of around 50 km (Singh et al., 2005). Typically, soils
are not homogeneous in composition; hence, soil properties have
large standard deviations. Heat and moisture transport within the
soil is simulated using heat and moisture diffusion equations that
use thermal and hydraulic conductivity, which are parameterized in
terms of soil moisture content and an empirical exponent coefficient.
Thermal and hydraulic conductivity are very sensitive to the values
of the empirical coefficient. They change by two orders of magnitude
if the coefficient changes by one standard deviation (Holtslag and
Ek, 2005). So, it becomes essential to study the performance of
LSMs for different regions under different meteorological and soil
conditions. Various land surface models have been used to study
the role of land surface processes at the regional scale (Maity et
al., 2017) and the Indian subcontinent scale (Nair and Indu, 2017
Panda and Sharan, 2012). Very few studies have used observed
atmospheric and surface forcing in a column model to understand
atmosphere-soil-vegetation interactions (Parasnis et al, 2001;
Murthy et al., 2004). NOAH-LSM simulations are sparse for the
Indian region (Chang et al., 2009), specifically over the Chota-
Nagpur plateau.

The study’s objective is to evaluate the performance of
NOAH-LSM in one-dimensional mode by comparing the simulated
heat fluxes with the observed fluxes at two locations with different
soil moisture regimes.

MATERIAL AND METHODS

Two locations were selected, one in the Chota-Nagapur
plateau (Ranchi, Lat 23.3°N, Lon 85.3°E, 609 m AMSL) and the
other in the Deccan plateau (Pune, Lat 18.5°N, Lon 73.8°E, 550 m
AMSL) for the evaluation of LSM against in-situ observations. The
Chota-Nagpur Plateau, located in eastern India, lies entirely in a
humid subtropical monsoon area with hot summers and cold winters.
The climate ranges from dry semi-humid to humid semi-arid types.
The Deccan plateau has a semi-arid climate in the north with black
soil and receives most of its rainfall during the monsoon season.
Monthly-mean temperature (T) and relative humidity (RH) in Pune
have a range of 26.8° C - 29.4° C and 42.8% - 85.1% respectively.
The same for Ranchi is 14.4° C - 29.3° C and 28.0% - 64.8%
respectively. Surface energy fluxes (Radiation, Sensible and Latent
heat), estimated by eddy covariance method using sonic anemometer
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(Gill and Campbell make) and open-path gas analyzer (Vaisala, LI-
7500 at Pune only) at 10 Hz frequency, at Pune and Ranchi (LI-
7500 not available here) were used for validation of NOAH-LSM.
Observed diurnal fluxes on three continuous clear sky days were
chosen for each season (winter, summer and post-monsoon) in Pune
and Ranchi for model validation. For Pune, shortwave radiation
(SW), sensible heat flux (SHF), soil heat flux (GHF) and latent heat
flux (LE) on January 1, 2, 3; May 3, 4, 5 and November 1, 3, 4 were
chosen. For Ranchi, SW, SHF, and GHF on January 8, 9, 10; May
1,2 and November 10, 11, 12 were chosen. Model simulated surface
fluxes were used to determine the ‘Bowen Ratio’ and its temporal
variation at both sites. Sensible heat fraction, the ratio of sensible
heat flux to net shortwave radiation, are presented in terms of its
variation with soil moisture. Other instrument details installed on
micro-meteorological towers are given in supplementary material
(Table ST1).

In this study, a one-dimensional (column) ABL model
(Oregon State University 1-D Coupled Atmospheric Plant Soil (OSU
1-D CAPS) model (Chang et al., 1999), later developed to NOAH-
LSM) which has a land-surface scheme that interacts with the ABL
is used (Murthy et al, 2004). The model simulates interactions
between the atmosphere, soil, and surface (with vegetation). It has
three components coupled to each other: the atmospheric boundary
layer model, the two-layer soil model and the plant canopy model.
Total evaporation is computed as the sum of direct evaporation from
the soil, transpiration by vegetation and evaporation of intercepted
canopy water from precipitation. Transpiration is formulated in
terms of vegetation density, plant resistance and soil moisture. The
diffusive equations for water vapor and temperature transport in
the soil are used to determine soil moisture and soil temperature
by specifying the soil type’s wilting point and field capacity. The
soil model consists of a top layer of 5 cm thick and a lower layer
of 95 cm thick, for which observed soil temperature and moisture
values are specified for initializing the model. The atmospheric
boundary layer model has 100 m resolution up to 2 km and then 200
m above that. The model time step is 180 sec, and it is initialized at
0 GMT (0530 am IST) and runs for 24 hours. More model details are
available elsewhere (Holtslag and Ek, 1996).

This model simulates soil moisture, soil temperature, skin
temperature, and the energy flux and water flux terms of the surface
energy balance. Profiles of wind (3 components), temperature
and water vapour mixing ratio are taken from reanalysis data
of the National Centre for Medium-Range Weather Forecasting
(NCMRWEF). In-situ measurements of soil temperature and soil
moisture at two levels are used in the control file. Details of other
input parameters are given in Table ST2. Simulations for four
months/seasons (January, May and November falling in winter, pre
and post-monsoon, respectively) are performed and compared with
observed fluxes.

RESULTS AND DISCUSSION

Diurnal variation of radiation, sensible and soil heat fluxes
simulated by the model for three days in each season are compared
with those observed at Pune and Ranchi. Surface atmospheric
pressure, surface albedo, roughness length for momentum and heat,
soil temperature and soil moisture at two levels and vertical profile
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Table 1: Statistical metrics for model performance of energy fluxes at Pune and Ranchi
R? RMSE (W m?)
Month
Season/Mon SW SHF GHF LE SW SHF GHF LE
Pune
Winter, Jan 0.89 0.72 0.36 0.57 64.57 34.80 15.93 74.93
Summer, May 0.87 0.55 0.22 0.48 94.53 70.98 22.31 114.92
Monsoon, Aug 0.77 0.31 0.32 0.23 177.03 56.35 30.67 62.02
Post-monsoon, Nov 0.86 0.67 0.38 0.72 89.00 56.40 47.33 62.02
Ranchi
Winter, Jan 0.95 0.8 0.5 na 47.17 24 .4 34.1 na
Pre-Summer, Mar 0.95 0.8 0.6 na 66.46 20.3 36.2 na
Summer, May 0.85 0.7 0.7 na 109.79 65.4 38.9 na
Post- Monsoon, Nov 0.90 0.9 0.7 na 69.73 14.31 33.5 na
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Fig. 1: Diurnal variation of net shortwave radiation (SW) at Pune and Ranchi in a) winter (Jan), b) Summer (May) and c) post-monsoon (Nov)

of wind components (u, v and w), air temperature and water vapour
mixing ratio in the atmospheric boundary layer at 00 GMT (0530 h

IST) are used for initialization of the model. The model is run for 24

hours.
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Fig. 2: Diurnal variation of sensible heat flux (SHF) at Pune and Ranchi in a) winter (Jan), b) Summer (May) and c) post-monsoon (Nov)

Net shortwave radiation and sensible heat flux

Fig. 1 illustrates the diurnal variation of net shortwave
radiation (SW) at Pune and Ranchi in winter (Fig.1a), summer
(Fig.1b) and post-monsoon (Fig.1c). Fig. 2 illustrates the diurnal
variation of sensible heat flux (SHF) at Pune and Ranchi in winter
(Fig.2a), summer (Fig.2b) and post-monsoon (Fig.2c). Model
simulation is reasonably good, though there is an underestimation
of radiation at noon by 100 Wm at Ranchi in May (Fig.1b) and
November (Fig.1c). SHF is overestimated during daytime in Pune,
while in Ranchi, it is underestimated (Fig.2). Observations indicate
little negative SHF during the night, while the model shows larger
negative SHF at Pune as well as Ranchi. More negative SHF during
the night in the model indicates relatively more surface cooling,
leading to a strong, stable layer. It could be attributed to less cloud
cover or more moisture in the model simulation. In Ranchi, the
underestimation of SHF in winter (Fig.2a) appears to be due to
underestimation of SW. However, the model overestimated SHF in
the summer (May) (Fig.2b) despite a reasonably good agreement
with the observed SW (Fig.1b). This mismatch appears to be due
to the model’s arid soil (little soil moisture) compared to the actual
soil moisture, which points to the significant role of soil moisture in

surface energy partition.

In summer (May), as shown in Fig. 1b, SW simulation
looks reasonable (fluctuations in observed SW indicate the presence
of clouds), while SHF (Fig.2b) depicts significant overestimation by
the model. In post-monsoon (November), the model overestimates
SW (Fig.1c) and SHF at Pune (Fig. 2c¢) and underestimates SW at
Pune (Fig.1c). At Ranchi, SHF is well simulated during the day
(Fig.2a,b,c) but not at night. The model has negative SHF during
the night in all seasons, while observations depict almost negligible
SHEF.

Heat and water transport in the soil depends on hydraulic
conductivity, soil water diffusivity and thermal conductivity, which
are parameterized in terms of volumetric soil moisture (and its
saturated value) and empirical coefficient, which varies with soil
type, soil texture and its heterogeneity (Clapp and Hornberger,
1978). These empirical formulae are valid for homogeneous soil,
but the parameters have a large standard deviation for a typical
heterogeneous soil.

Simulation of ground heat flux (GHF) and its comparison
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Fig. 3: Diurnal variation of LE by the model and observations for January (a), May (b), August (c) and November (d) at Pune

with observations is shown in Fig.S1 for Jan, May and November,
indicates large deviations that could be attributed to uncertainty
in soil properties like thermal and hydraulic conductivity of soil,
which is a function of highly variable soil moisture in space and
time. Thermal properties of soil, like thermal conductivity and
diffusivity of the soil, depend on soil type, texture, organic matter
content, mineral content, composition (Zhao et al., 2019) and soil
moisture (Wang et al., 2010). The observed GHF in winter and
summer at Ranchi is higher than that at Pune (Fig.S1), indicating
that sufficient soil moisture is available at Ranchi to transport heat
from the surface into the soil. It implies that the satellite-derived soil
moisture at Ranchi is underestimated. The large difference between
the modelled and observed GHF could be due to a mismatch of the
empirical coefficient.

Simulation of latent heat flux (LE) by the model is
compared with observed LE at Pune for Jan, May, Aug and Nov, as
illustrated in Fig.3. Simulated values are reasonably in agreement in
November. However, in January and May, they are overestimated,
although the diurnal pattern is reasonably simulated. The fluctuations
in the observed diurnal variation of LE could be attributed to passing
cloud patches, soil moisture variations in the topsoil layer and wind
speed variation. Since this is a column model, horizontal dynamics
like advection and circulations are not accounted.

Statistical metrics evaluating the model performance are

given in Table 1 for Pune and Ranchi. Only the common months
(Jan, May and Nov) for both places are illustrated for comparison
purposes (Fig.1 and Fig.2); for metrics, August is included only for
Pune and March for Ranchi.

The model metrics for Pune (Table 1) show the range of
correlation (R?) for SW (0.77-0.89), SHF (0.31-0.72), GHF (0.22-
0.38), and LE (0.23-0.72). Bias/RMSE is minimum in winter (Jan)
for SW (64 Wm?), for SHF (34 Wm?) and GHF (15 Wm?) and
LE in August, November (62 Wm). The model metrics for Ranchi
(Table 1) show reasonable correlation (R?) for SW (0.85-0.95), SHF
(0.7-0.9) and GHF (0.5-0.7). Bias is minimum in winter for SW (47
Wm?), for SHF in pre-summer, March (20 Wm?) and for GHF in
post-monsoon, November (33 Wm™).

Overall, at Pune, the model has shown better performance
in winter (Jan) in terms of metrics for energy fluxes (SW, SHF and
GHF), while for LE minimum bias and maximum R? are in Post-
monsoon, Nov. For Ranchi, the model shows maximum bias/RMSE
in May for SW, SHF and GHF. Relatively fair-weather conditions
prevail in winter and post-monsoon, which helps better represent
land-atmosphere interactions, thus resulting in a better agreement
between model and observations. During summer/pre-summer
(summer changeover) and monsoon, synoptic disturbances modify
local weather, leading to uncertainty in land-surface parameterization
schemes and simulation (Zhu and Lettenmaier, 2007).
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Table 2: Monthly-mean sensible heat fraction (SHE/SW), soil moisture (SM), temperature (T) and relative humidity (RH) in Pune and Ranchi

Pune Ranchi
Month SHF/SW SM T RH Month SHF/SW SM T RH
Jan 0.162 0.196 27.8 49.0 Jan 0.28 0.17 14.5 62.8
May 0.178 0.262 33.1 42.8 Mar 0.20 0.12 26.2 28.0
Aug 0.138 0.441 26.8 71.3 May 0.11 0.17 29.3 43.8
Nov 0.148 0.200 29.4 85.2 Nov 0.23 0.22 19.7 64.8
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Fig. 4: Model simulated Bowen ratio (B=SHF/LE) diurnal variation (average of 3 days in each month) during 1000 — 1600 h IST in Jan, May

and Nov at (a) Pune and (b) Ranchi
Bowen ratio

Surface energy fluxes can be estimated using Bowen
ratio (B), net radiation and ground heat flux in the absence of high
frequency measurements using expensive instruments like sonic
anemometer and gas analyzer. Bowen ratio is the ratio of SHF to LE
which can be determined from vertical gradients of air temperature
and water vapor mixing ratio in the surface layer. This can be used
to distinguish arid (B > 1), and humid (B < 1) regions. Net radiation,
Rn, indicates the partition of available energy at the surface into
sensible and latent heat/evaporation, which is determined by soil
property (soil texture and moisture content). More energy is utilized
for soil moisture evaporation in wet soil, while little is used to
increase air temperature and vice versa in dry soil. As shown in Fig.
4, the Bowen ratio (SHF/LE) is calculated based on model output
for Pune and Ranchi. Its range at Pune (0.2 - 0.7) and Ranchi (0.3
- 0.8) indicate the land surface at Ranchi is drier than at Pune. At
Pune, a minimum ratio (0.6 at noon) is observed in Jan, while May
and November depict similar variations with a noon peak of 0.7. At
Ranchi, the ratio is observed to increase gradually from Jan (0.68)
to Nov (0.8) through May (0.72).

Sensible heat fraction

Evaporative fraction (LE/Rn) determines how much of
Rn is utilized in the evaporation of soil moisture. As soil dries,
evaporation decreases and sensible heat flux increases as soil
moisture regulates the partition of Rn into SHF and LE. Observed
LE is unavailable at Ranchi. We have used satellite-derived monthly
mean soil moisture for both locations. LE/Rn and SHF/Rn vary
inversely as a function of soil moisture. In this study, we used SW
instead of Rn and presented the monthly mean variation of ‘sensible
heat fraction’ (SHF/SW) with soil moisture (SM), as shown in Table

2. At Ranchi, SM and SHF/SW have a direct linear relationship with
a decrease in both SM and the ratio from Jan to May. Evaporative
fraction is reported (Jiang et al, 2023, Chen et al., 2024) to be
increasing with an increase in soil moisture until SM reaches a
threshold beyond which this fraction becomes insensitive to SM but
is controlled by atmospheric parameters like radiation, RH (relative
humidity) and T (air temperature). Since we used observed SHF
(instead of LE), the fraction (SHF/SW) is expected to vary inversely
with SM. At Pune, as shown in Table 2, this fraction varies inversely
with SM from Jan to Aug, which is obvious. However, at Ranchi,
with a decrease in SM, the sensible heat fraction also decreases.
This could be owing to the misrepresentation of soil texture or soil
conductivity in the case of Ranchi. In contrast, the soil properties
of Pune are more or less correctly represented in the model.
These results indicate the role of soil moisture in energy partition
as inferred from the model performance assessed with seasonal
statistical metrics.

CONCLUSIONS

Evaluation of NOAH-LSM for diurnal variation of surface
fluxes (radiation, sensible, latent and ground heat fluxes) against
observed eddy covariance fluxes for two places with significant
soil moisture differences reveals that the model performance is
reasonably good for net shortwave radiation, sensible heat flux and
latent heat flux in winter and post-monsoon compared to summer and
monsoon periods as inferred from statistical metrics (R> and RMSE).
The simulation of ground heat flux is unsatisfactory and needs fine-
tuning of soil parameters (thermal and hydraulic conductivity) that
are appropriate for the soil type. Moreover, the satellite-derived SM
at Ranchi shows gross underestimation, adding to the deviations.
Sensible heat fraction as a function of soil moisture follows the
expected inverse variation (Soil control regime) at Pune, unlike that



18 Evaluation of NOAA-LSM model over Pune and Ranchi in different seasons

at Ranchi, where soil moisture has slight seasonal variation. Further
improvement of land surface models is required by fine-tuning the
empirical coefficients in the thermal and hydraulic conductivity
parameterization based on field measurements over various soil

types.
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Table ST1: Instrument details on the micrometeorological tower at Ranchi

Sr.  Types of Optical Sensor/ Level Accuracy/Response time/Unit/frequency
No. observation Model
1 Wind Speed 05106, 05106C 1,2,4,8,16 Accuracy: £0.3 m/s (£0.6 m/s)
and 32 m
2 Air Temperature HMP45C-L (1000 1,2,4,8, 16 Accuracy: £0.2°C
PRT, IEC 751 1/3 and 32 mts
Class B)
3 Relative Humidity HMP45C-L 1,2,4,8,16  Accuracy: £2% RH (0 to 90% RH) +3% RH (90 to 100% RH)
(HUMICAP®180) and 32 m
4 Radiation/ CNRI Net 2.5m Expected accuracy of the temperature measurement: + 2 K, under
Net Radiation Radiometer non-stable conditions with solar heating or heating by using the
heating resistor,
Operating temperature: -40°C to 70°C, Expected Accuracy for daily
sums: £10%
5 Radiation/ CM3 25m Expected Accuracy for daily sums: £10%,
Short wave (SW)
6 Radiation CG3 2.5m Accuracy for daily sums: £10%
(Long-wave)
7 Soil Heat flux HFT3 SOIL HEAT 2.5,5.0cm Accuracy: better than £5% of reading
FLUX PLATE depth
8 Soil moisture CS616 and CS625 5, 15 and 30 Electrical Specification:
Water Content cm below Output: CS616: + 0.7-volt square wave with frequency dependent
Reflect meters from the on water content, CS625: 0- 3.3 V square wave with frequency
ground dependent on water content,
surface Resolution: CS616 and CS625 is better than 0.1% volumetric water
content.
9 Soil Temperature 107B Surface, 5, Accuracy: £0.4°C over the Range of -24°C to 48°C and + 0.9°C over
10, 20, 40 the range of -38°C to 53°C
and 100 cm
depth
10 Rainfall TE525MM Tipping 30 cmabove  Accuracy: Up to 1 in./hr: £ 1%,1 to 2 in./hr: + 0, -3%,2 to 3 in./hr:
Bucket Rain Gage the ground +0,-5%
surface

Table ST2: Land-surface parameters prescribed in the model

Description Parameter Value Units
Momentum roughness Zom 0.1 m
Thermal roughness Zoh 0.01 m
Minimum canopy resistance remin 13.3 sm-—1
Soil porosity sat 0.41 m3m-3
Field capacity fc 0.25 m3m-3
Wilting point wilt 0.07 m3m-3
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Fig.S1: Diurnal variation of ground heat flux (GHF) in Wm™ at Pune (left column) and at Ranchi (right column) during winter (Jan), Summer
(May) and post-monsoon (Nov)



