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ABSTRACT

Duringwinters, frost isaphenomenon of common occur rencein subtropical lower Himalayan region. Intherecent
past, it hascaused consider able economiclossestofruit growers. Recommendationsfor protection against frost do
exist, but benefitsto orchardsarerareduetolack of information on thelevel of low temper atur ethese cropsmay
experiencein afrosty event. Sudieshave been conducted at Regional Horticultural and Forestry Resear ch Sation,
Neri, Hamir pur, Himachal Pradesh on development of prediction modelsfor minimum temper atureand temper ature-
evolution duringafrost event. Variableslike sunset-timetemper ature, temper aturedrop and humidity increasefrom
sunset time until two hour s, have been found to explain about 74% of thetotal variation observed in minimum
temper atur e. Evolution of temper atur eduringafrosty night showed that temper aturedr op after sunset wasan inver se
exponential function of timeafter sunset. It justified about 67% of thetotal variation in temper ature-evolution trend.
Thiel’sinequality coefficient for predicted ver susactual valuesindicated good to very good for ecasting per for mance
of theregression linesdevel oped. Further decomposition of inequality intobias, varianceand covariance proportions
also supported fitnessof theselinesfor futureprediction. Based on theinfor mation generated, a grower -friendly
frost protection guide-chart (S-chart) hasbeen developed. Thechart providesinformation on intensity and dur ation of
temperaturebelow thecritical level of damage for different fruit species. It also servesasaguidefor thelevel of

protection needed and for automation of protection methodsagaingt frost and low temper atur edamage.
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INTRODUCTION

Despite tremendous advances made in agriculture,
agrarian output remains weather and climate dependent.
Frost or low temperature stressisthe single, weather-rel ated
phenomenon causing losses greater than any other
environmental or biological hazard. Frost induced freezing
is one of the severest stresses as, it causes ice formation,
dehydration and cell deformationleading toanirreversible
condition leading to death or malfunction of plant cells. Major
causes of damage to subtropical fruit species are excessive
cooling of the plant surface and subsequent freezing of inter-
or intra-cellular water. As plants are immobile, they face
certain stressunder natural conditions. To withstand freezing,
cold-hardy plants have devel oped mechanismsto regulate
iceformulationintheir tissues. But, subtropical plantslack
this intrinsic defense mechanism against frost or low
temperature. Even when all other aspectsof crop production
are well-managed, just one night of sub-zero temperatures
can lead to complete crop loss in many subtropical fruit

species (Snyder and Melo-Abreu, 2005). Quantum of
damage caused depends mainly on how fast temperature
dropsand to what extent the plant supercool s before freezing
(Pearce, 2001).

Lower Himalayan region has been classified as
subtropical (Thornwaite, 1948), but, repeated occurrence
of frost during winters renders the region sub-optimal for
growing subtropical fruit. In winters, these fruit species
usually experience freezing situation due to reduction in
sensible heat content of the air (net energy loss through
radiation from the surface to the sky, i.e., radiation frost)
near the plant surface. To prevent damageto fruit plantations
due to frost-induced freezing several protective measures
are recommended such as, wetting of plant or soil surface,
fogging with water or thermohysteric compounds or covering
technique using plastic, paper or foam (UHF, 2010). For
effective application of protection systems against lethal
damage, reliable prediction of intensity and duration of frost
is necessary. Weather services, to which the general public
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has considerable access, are quite broad and generalized
asthese use synoptic and/or meso-scale modelsfor regional
forecasts. Local or micro-scale predictions are typically
unavailable. Therefore, empirical predictions that can be
calibrated for local conditionsare urgently needed. Itisclear
that in the years to come, climatic variability will play an
even greater role than in the past, and precise prediction of
low temperature will be, greatly significant. Therefore, to
facilitate decision-support system on ‘if and when’ frost
protection is needed, the present studies were designed so
asto devel op an effective forecasting methodol ogy against
frost or low temperature stress.

MATERIAL AND METHODS

The studies were conducted in subtropical lower
Himalayan region at three high-frost provelocations having
geographic coordinates as: i) 31°40'07" N, 76°34' 46" E,
Altitude 950 madl, ii) 31°41'44" N, 76°21'52" E, Altitude
605 masl and iii) 31°54'32" N, 76°17°'06" E, Altitude 523
masl. Automatic Temperature and Humidity Recorder
(MADGE-TECH, RHTemp101) was installed at these
locations for continuous data recording during winters of
2008-09, 2009-10 and 2010-11. Prediction of minimum
temperature (T ) during aradiation frost event was made
on the basis of the following explanatory variables:

i. T_ - highest temperature (°C) recorded during
day-time

ii. T, - temperature(°C)recorded at sunset (5:30PM)

iii. TDgg,, -temperature drop (°C) within one hour after
sunset

iv. TD,,, - temperaturedrop (°C) withintwo hours after
sunset

v. RH_ .~ - minimum relative humidity (%) recorded
during day-time

vi. RH.,, - relative humidity (%) recorded at sunset

vii. RHd,, - increasein relative humidity (%) within one
hour after sunset

viii. RHd,_, - increasein relative humidity (%) within two

hours after sunset

Data for al locations and years were pooled and
analyzed as per Gupta and Kapoor (1976). Minimum
temperature observed (T ) during a radiation frost event
was confidened a dependent variable, whereas, the other
variables (individually or in combination) were taken as
explanatory variables. Mathematical measure of average
relationship between dependent and explanatory variables,
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intermsof original unitsof data, was obtained by the principle
of least squares (Gupta and Gupta, 1996). Prediction line
for temperature at different levelsof time(T,) during afrost
event, i.e., temperature-evolution after sunset, was derived
by different polynomial fitting proceduresfor obtaining the
line of best fit. It was factored-in as time-defined drop in
temperature after sunset until the next morning at 7:30AM.
All the curve-fitting was doneusing SPSS and SX statistical
packages.

Significance of theregression coefficientswastested
by standard t-test and overall significance of regression was
tested using F-test. Coefficient of determination (Adjusted
R?) was taken as the criterion for selecting suitable
regression or prediction line. To test the significance of
discrepancy between theory (predicted values) and
experiment (actual values), chi square (y?) test of goodness
of fit was applied. Further, forecasting performance of the
prediction model swas judged through prediction realization
diagram as per Theil (1966) and Koutsoyiannis (1991). A
systematic measure of accuracy of the prediction model
was obtained through Theil’sinequality coefficient, which
was decomposed into bias, variance and covariance
proportions of partial inequality, for insight into sources of
prediction errors.

Observations were also recorded on actua level of
damage to fruit plantations at experimental sites. Twenty
per cent damage to the foliage was considered critical,
beyond which effective frost protection was deemed
necessary. For devising frost protection guide chart,
polynomial curve fitting was done with reference to sunset
time temperature, and temperature evolution after sunset.
Frost protection guide chart was developed for very
sensitive, sensitive or less sensitive fruit species as defined
by Badiyala (2008) and Sharma (2011). The chart so
developed was designated as ‘ Shashi’s chart or s—chart’.

RESULTSAND DISCUSSION

Descriptive statistics of various temperature and
humidity related variablesare presented in Table 1. Minimum
temperature (T diID) during a frost event varied from -0.8°C
to 3.2°C. Confidence limit of thisvariableindicatesthat for
most of thefrost events, minimum temperature was between
1.0°C to 2.33°C. During the period of study, maximum day
temperature ranged from 13.5°C to 15.3°C. Sunset time
temperature was recorded as 7.1°C, to 12.8°C with average
value of 10.9°C and confidence limit of 9.5°C to 10.3°C.
After sunset, the temperature dropped to between 0.40°C
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Table 1. Descriptive statistics of variables during radiation frost
events

Table 2. Regression lines for prediction of minimum temperature
during a radiation frost event

Variable Minimum Maximum Mean  Confidencelimit
T gip -0.80 3.20 1.03 1.00 - 233
T oo 8.90 17.80 13.90 13.50 - 15.30
530 7.10 12.70 10.90 9.50 - 10.30
TD 0 0.40 3.30 2.07 189 - 225
5730 0.60 5.90 3.48 318 - 378
min 35.50 65.20 50.00 48.10 - 52.90
RH,,, 46.00 72.30 67.40 43.10 - 48.90
RHd, ., 10.00 26.00 19.22 12.00 - 22.45
RHd 16.00 36.00 24.70 20.30 - 32.90

5730

and 3.30°C within an hour. Average drop was about 2.1°C.
For a majority of frost events, this drop was within the
confidence limit of 1.89°C to 2.25°C. Within two hours,
temperature drop after sunset was between 0.60°C to
5.90°C, with average drop of 3.48°C. Confidence limit for
this variable was 3.18°C to 3.78°C. Minimum relative
humidity in a day ranged between 35.5% and 65.2%
whereas, at sunset-time, it ranged between 46% and 72.3%.
Confidence limit for these variables was 48.1% to 52.9%
and 43.1% to 48.9%, respectively. Within the hour increase
in humidity after sunset was recorded at 10 to 26% and
within two hours increase ranged between 16% and 36%.
Confidencelimit of thisvariablewaswithin 20.3% to 32.9%.

Prediction of minimum temperature during a frost
event

Minimum temperature during afrost event (T dip) was
regressed upon the above-described variables one by one,
or in different combinations Regression lineswith significant
coefficients of independent variablesare presented in Table
2. From line 1, it is evident that sunset time temperature
(Ty,,) explained around 52 % of the total variation in
minimum temperature (T dip) duringa radiation frost event.
Thisvariationin the dependent variable (T dip) could explain
upto 61% (regression line 2) when temperature-drop upto
two hours after sunset (T,,,) was considered along with
sunset temperature (T,,). Incorporation of increase in
humidity at two hoursafter sunset (RHd,, ) asan additional
explanatory variable, further improved the val ue of adjusted
R?to 74% (regression line 3). Thisimpliesthat temperature
at sunset, drop in temperature and increase in relative
humidity within two hours of sunset significantly influenced
minimum temperature of aforthcoming frost event. These
variables have been found to explain around 74% of the
total variation in minimum temperature during this event.
Gaussian identification procedure devel oped by Krasovitski
et al (1996) also emphasized that temperature drop rate
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Regression Regressionline R? Adj. R* F_(0.05)
line No.
1. T,,=2.06+0.285 (T, )* 05556 05155 *
2 T,,=-1.86+0.426 06593 06141 *
(T53o)*'0'499 (TD5730)*
3. T,,=-1.63+0.368 0.7518 07374 *
(Tgy,)*-0.558
(TD,,,)* +0.041
(RHdsno)*

*Significant at 5% level

after sunset definitely determines minimum temperature of
a frost event. Reports on correlation of minimum
temperature with increase in relative humidity after sunset
in combination with sunset time temperature are rare.

Prediction of temperature evolution after sunset
during a radiation frost event:

Among the polynomial expressions tested, the
following inverse exponential curve (regression eq. 4)
defined temperature at i"™ hour after sunset, with highest
vaue of coefficient of determination (adjusted R?) taking
hours after sunset (i) and sunset time temperature
(Tsso) s

T =T, — (027 T_*i)leerD
....(Adj. R2=0.6745)  ...Reg. Eq. (4)

iji = hours after sunset { at sunset/5:30PM i=0,
at sunrise/ 7:30AM i=14}

T, = Temperature at i hour after sunset

[ Tosp = Temperature at Sunset (5:30 PM)

explanatory variables. This equation explained that
temperature dropped after sunset as 0.27" of the product
of T.,,and 1/10™ inverse of exponential progression of time
after sunset, i.e., (i). These explanatory variables explained
about 67% of thetotal variationinthetrend of temperature-
evolution during afrost event. Krasovitski et al (1996) also
asserted that pre-night period air temperature played avital
role in temperature evolution during the night. Snyder and
Melo-Abreu (2005) suggested updating night temperatures
by taking pre-night temperature as the reference when
predicting air-temperature trend during afrost event. They
demonstrated that air temperature trend calculation used a
sguare root function fromtwo hours after sunset, until sunrise
the next morning.
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Fig 1. Evaluation of prediction performance of estimated regression
line 3

Evaluating forecasting performance of prediction
models

Regression line 3 with highest coefficient of
determination (adjusted R?) and highest number of significant
explanatory variableswere considered as prediction models
for minimum temperature of a frost event. Forecasting
performance of this line has been represented through
‘Prediction—Redli zation Diagram’ presentedin Fig 1. Which
shows that distribution of the points of predicted versus
actual values of minimum temperature are well distributed
around the line of perfect forecast. They (11.84) calcul ated
is lower than the tabulated value of x, , ., and signifies
acceptance of regression line 3 for predicting the minimum
temperature of a radiation frost event at 5% level of
significance. Further, ‘Theil’s Inequality Coefficient’
(U=0.317) alsoindicatesthat as per Sharmaand Julia (1996)
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Fig 2. Evaluation of prediction performance of estimated regression
line

scale, regression line 3 depicts very good forecasting
performance to judge its ability as a forecasting model.
Partial coefficients of inequality indicated that the major
contribution to inequality existing during forecasting
performance evaluation was due to imperfect covariance
(Uc =0.908). The systematic errors (Um and Us)
contributed very littleto theinequality.

Prediction and realization diagram of regression line
4, i.e., forecasting model for estimating temperature-
evolution after sunset during a radiation frost event, is
presented in Fig 2. The points for predicted versus actua
values were well-oriented around the line of perfect
forecast. Majority of the points figured in the under-
estimation zone, but value of x (27.04) wasfound to beless
than the tabulated value . ,, Which indicated that
regressionline4 was acceptableat 5% level of significance
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Most of the Sub-tropical
fruit crops need protection

Medium sensitive crops (mango, Litchi etc.)

and very sensitive crops need protection

Very sensitive crops (papaya, banana etc.) need protection

for prediction of post-sunset temperature-evolution during
aradiation frost event. Theil —U (0.455) al so indicated good
forecasting ability of the line as per the Sharma and Julka
(1996) Scale. Partial coefficientsof inequality indicated that
inequality existed mainly dueto imperfect covariance (Uc)
and unequal central tendency (bias proportion, Um).

From aforecaster’s stand-point, if thetotal inequality
coefficient (U) cannot attain the desirable level 0, the most
desirable level of Um is H”0. The same is expected for
inequality dueto imperfect covariance (Uc). Aspredictions
are rarely equal to actual outcomes, this type of error is of
the non-systematic type. If Us'“0, this might be called
‘systematic’ and is due to forecaster’s neglect (Theil, 1962
and 1966). Distribution of inequality of line 3isvery close
to desirable distribution, i.e., UmH” UsH” 0 and UcH"1;
thus, it has greater level of acceptance as a model for
prediction of low temperature during a frost event.
Regression line 4 also possessed good forecasting
performance, but the value of Uc was a bit farther from 1,
which indicates that forecasting performance of this line
stands to be improved further in future with incorporation
of more information into the forecasting process.

Frost protection guide chart

The ‘S—chart’ presented below depicts that sunset
time temperature below 11.7°C was critical for ‘very
sensitive’ fruit crop species, as, whenever this situation
prevailed, over 20% damage to foliage was observed.
Hence, it can beinferred, that, very sensitive crops should
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be given protection against frost whenever sunset time
temperature goes below 11.7°C. Duration for which this
protection is needed will be higher for lower temperatures.
M edium sensitive cropslike mango and litchi were affected
(>20% foliage damage) only when sunset-time temperature
was below 9.3°C. When thiswas below 8°C, almost all the
crops were affected by frost. Further, it is depicted in the
chart that when the sunset-time temperature is 10°C,
sensitive crops will need protection after about eight and
half hoursafter sunset, i.e., after 1:30AM inthenight; these
plantswill need protection for the next four and half hours.
Similarly, if the sunset-time temperatureis8°C, the sensitive
and medium-sensitive crops will need protection. The
sensitive crops will need protection from after about four
and half hoursafter sunset, whereas medium sensitive crops
will need protection after eight and half hours after sunset,
i.e., after 1:30AM (protection for the next four and half
hours). Thus information presented in the chart may be
utilized for automation of frost protection systems. (e.g. if
you have amango orchard, programme the frost protection
system to get operational at 1:30 AM whenever sunset-time
temperature is below 8°C. If this temperature is above
9.3°C, do not bother to get the system operational). In
genera, it can be speculated that growers of sensitive crop
should be at alert whenever sunset time temperatures start
dliding below 11.7°C. Along with growers of sensitive crop,
growers of medium sensitive fruit crops too should be
cautions whenever sunset-time temperatures go below
9.3°C. When sunset time temperature goes below 8°C, all
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fruit growers should be at alert for frost protection of their
crop. Method of protection to be adopted can also be opted
for on the basis of duration for which protection is needed.
In a similar study, Krasovitski et al (1996) used earth
surface-temperature as a guide for optimal application of
frost protection methods.

From the aboveresults, it is concluded that frost isa
phenomenon of common occurrenceinthelower subtropical
Himalayan region of Himachal Pradesh, and sub-zero
temperatures are not uncommon here. Minimum
temperature of frost event may be predicted well on the
basis of sunset time temperature, temperature-drop and
humidity increase within two hours of sunset. Evolution of
temperature during a frosty night may be predicted with
sufficient accuracy on the basis of sunset-time temperature.
Further, frost protection guide chart can beused for ng
the level of protection needed for a target crop at various
sunset-time temperatures. Automation of frost protection
methods can al so befacilitated with hel p of thisguide chart.
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