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Comparison of Remotely Sensed Land Surface Processes in Northern Hemisphere 
during the 1988-89 La Nina and the 1997-98 El Nino events.

Director: Dr. Hans Zuuring

El Nino and La Nina events are major climatic events disrupting global climatic conditions such 
as air temperature at different times and scales. The multivariate ENSO Index (MET) is used to 
measure the intensity o f these events, which showed that 1997-1998 and 1988-1989 were strong 
El Nino and La Nina events respectively. Terrestrial air temperature controls seasonal freezing 
and thawing cycles. Freezing and thawing conditions are the transitions between the frozen and 
non-frozen states of land surface. This transition between the seasonal freezing and thawing 
affects ground thermal conditions that in turn greatly impact the plant growth.

This study describes the temporal (monthly) variation of the frozen and non-frozen land and 
examines the linear association among the duration of the frozen land, air temperature and Gross 
Primary Production (GPP) associated with the 1997-98 El Nino and the 1988-89 La Nina events. 
The National Snow and Ice Data Center (NSIDC) provided daily freeze/thaw datasets for the 
Northern Hemisphere. Global monthly average air temperature (°C) data were obtained from the 
Global Historical Climatology Network (GHCN) Version 2, Legates and Willmott’s stations. The 
daily average GPP data are obtained using the MODIS productivity (MOD 17) algorithm that uses 
the global composite monthly Fraction o f Photosynthetically Active Radiation (FPAR).

The temporal extents and the relation among these attributes are described for North America 
and Northern Eurasia for each event. A non-homogenous distribution of frozen and non-frozen 
land is identified for both regions and the amount of frozen land is lesser approximately by 0.7 
million sq. km for North America and by 0.3 million sq. km for Northern Eurasia during the 
1997-98 El Nina event than the 1988-89 La Nina event. During the 1997-98 El Nino, the 
transition between freezing and thawing shifted a month earlier compared to the 1988-89 La Nina 
for North America and no such shift occurred for Northern Eurasia.

However, the correlation coefficients between the land surface attributes are found to be almost 
the same between the two events for both regions. Correlation analysis showed a very strong 
association between frozen land duration and air temperature and a dispersed relation between 
frozen land duration and GPP while no clear association was found between air temperature and 
GPP. The linear relations among the land surface attributes were found to be stronger in North 
America and weaker in Northern Eurasia (except for frozen land duration Vs air temperature).

The results from graphical displays showed that North America as well as Northern Eurasia had 
more or less similar variation of air temperature and GPP with in each class of frozen land 
duration. Nevertheless, Northern Eurasia had lower difference of frozen land area between the 
two events, had no change in the transition between two events and had weaker correlation 
among the attributes. Hence, unlike North America, there might be other climatic variations such 
as North Atlantic Oscillation (NAG) other than MEI affecting the land surface processes of 
Northern Eurasia.
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INTRODUCTION

The large-scale fluctuations in the Pacific Ocean’s surface temperature and sea level 

pressure are termed El Nino and La Nina events. El Nino and La Nina are considered the 

major climatic events that disrupt the global climatic and weather conditions (Webster, et 

al. 1997). One of the most important parameters of climate is air temperature 

(Langenberg. 2002). Large-scale fluctuations in the atmospheric circulations that affect 

air temperature can also be associated with these events (Diaz, et al. 2000). The 

interaction between the land and the atmosphere causes the variation in the ground 

temperature that in turn affects the water content in the soil, leading to freezing and 

thawing of the land surface (Zhang, et al. 1999). The transition between freezing and 

thawing affects plant growth (Running, et al. 1999a).

El Nino and La Nina events occur in the east-central Pacific Ocean and their influence 

spread across the globe. The degree of disruption varies spatially and temporally and 

differs for both events. The warming or cooling of Sea Surface Temperature (SST) by 

approximately 2 °C to 5 °C for at least four consecutive months is defined as an El Nino 

event and a La Nina event respectively (Trenberth, 1997). These events occur every 3 to 

7 successive years, and are as labeled as weak, moderate and strong episodes depending 

on the duration. A strong El Nino or a strong La Nifia event lasts for one to one and a half 

years.

These events bring extreme and opposite variations in oceanic temperature zind pressure, 

in turn causing large scale changes in atmospheric temperature and pressure. The east- 

west atmospheric-pressure seesaw caused by these events is called as the Southern 

Oscillation (SO) (Neelin, et al. 1998). This coupled atmospheric and oceanic interaction 

that occurs in the core region of the tropical and the sub-tropical Pacific to Indian Oceans 

is termed as El Nifio and Southern Oscillation (ENSO).



The Southern Oscillation Index (SOI) is one measure of the large-scale fluctuations in air 

pressure occurring between the western and eastern Pacific Ocean during El Nino and La 

Nina events (Harrison, et al. 2002). The SOI, the most traditional and conventional 

method of measuring El Nino and La Nina events, considers only the air pressure 

variation. The Multivariate ENSO Index (MEI) is another conventional way of describing 

the fluctuations in the ocean-atmospheric temperature and pressure over the tropical 

Pacific Ocean (Wolter, et al. 2002).

Unlike SOI, the MEI considers six variables to describe these variations (Wolter, et al. 

1993): sea level pressure, zonal component of surface wind, meridianal component of 

surface wind, sea surface temperature, land surface air temperature, and total cloudiness 

fraction over the globe. The list of El Nino and La Nina events from 1950 to 2005 as 

predicted by National oceanic Atmospheric Administration (NOAA) using MEI is shown 

in the following Figure I .

Figure l.Graphical representation of the £1 Ninos and La Ninas events from 1950 to
2005 predicted by NOAA using MEI
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A negative value of MEI is considered to be a cold ENSO phase (La Nina) and a positive 

value of MEI is termed a warm ENSO phase (El Nino). The 1997-98 El Nino lasted for 

seventeen months, which started in the month of January 1997 and ended in the month of 

May 1998 (Slingo, 1998 and Wolter, et al. 1998) whereas the 1988-89 La Nina lasted for 

thirteen months, starting form May 1988 to June 1989 (Trenberth, 1997).

These oceanic and atmospheric interactions in the tropical Pacific region have a strong 

influence on global heat and water vapor transport and thus constitute an important 

component of climate (Pierrehumbert, et al. 2000 and Visser, et al. 2003). The effect on 

average air temperature due to a unit variation in MEI is shown in Figure 2. The figure 

demonstrates that an increase or decrease in the average air temperature is caused by a 

point increase or decrease in MEI respectively. This spatial variation in temperature is 

highly variable throughout the world (land/ocean). This map was developed by 

calculating the slope of each pixel when monthly average air temperature and monthly 

MEI are regressed against each other from 1982 to 1999.

Figure 2. A map showing the spatial variation of average temperature per a unit
change in MEI from 1982-1999
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Snow cover is the largest single component of the cryosphere about 98% of which is 

located in Northern Hemisphere (Armstrong, et al. 1999). Surface temperature is highly 

dependent on the presence or absence of snow cover (Armstrong, et al. 1999). When air 

temperature rises above freezing point (0° C), the surface soil temperature also reaches 

above 0° C. The fluctuation of temperature across the freezing point of water affects the 

water movement in soil (Hershfield, 1974). When the terrestrial air temperature and land 

surface temperature are above 0® C, the thawing of the surface starts, and when they are 

equal or below 0° C, freezing begins. Thus, Land surface temperature and air temperature 

influence the duration of the frozen and non-frozen states of land surfaces.

Freezing and thawing conditions are the frozen and non-frozen states of the land surface 

respectively. The freezing and thawing transitions in northern high latitudes occurs 

through four phases of land surfaces which are categorized as frozen bare ground, frozen 

snow cover, non-frozen bare ground and non-frozen snow cover (Figure 3).

Figure 3. The four possible phases and duration of land surface conditions, that 
occurs due to freeze-thaw transitions in northern high latitudes

Non-Frozen snow cover 
(occurs at onset of freezing) 

(Sept. -  Oct.)

Non-Frozen bare ground 
(Jun. -  Aug.)

Frozen snow cover 
(Nov. -Jan.)

Frozen bare ground 
(occurs at onset of thawing)

(Feb.-May.)

Frozen Land = Frozen Snow Cover + Frozen Bare Ground

4 ,



The non-frozen snow cover land condition is possible by the onset of freezing period and 

frozen bare ground condition by the onset of thawing period. The non-frozen snow cover 

represents the ground covered by a thin layer of snow and the duration of it can be very 

short. The amount of non-ffozen land cover is found to be negligible (Appendix Figure 

3). The frozen snow cover, frozen bare ground and non-frozen bare ground land 

conditions constitute major phases of land surface conditions. Though the frozen bare 

ground is the beginning of thawing period, the amount of frozen land during this 

condition is huge and the ground will be in this phase for longer time i.e., a period 

between three to four months. Thus, frozen land is considered as frozen bare ground and 

frozen snow covered land.

In a normal climatic year, other than El Nifio or La Nifia, land surface should freeze 

between the months of September and October and should thaw between the months of 

March and April. Depending on the climatic conditions, the transition between freezing 

and thawing of the land surfaces can be affected, i.e., will take place either earlier or 

later.

This seasonal transition causes high fluctuations in ground thermal conditions both 

temporally and spatially resulting variation in soil moisture content and soil temperature 

fluctuates. It also changes soil structure and regulates the availability of the nutrients in 

the soils (Running, et al. 1999a). The variation in the soil moisture content, nutrient levels 

and temperature play an important role in plant growth. The vegetation productivity or 

plant growth are measured in terms of Gross Primary Production (GPP) and usually 

measured in Kg C/m^/day. The importance of vegetation in global climate and 

biogeochemical studies is well recognized (Myneni, et al. 1997b). Since this study is 

funded by the National Oceanic Atmospheric Administration (NOAA), the NOAA 

scientists and climatologists are interested in the results for weather prediction as well as 

understanding the global carbon cycling.



IMPORTANCE OF THE STUDY

The seasonal snow cover, the largest component of cryosphere, covers up to 33% of the 

earth’s total land surface of which 98% is covered by Northern Hemisphere (Armstrong, 

et al. 1999) (Figure 4). Approximately 55-60% of the exposed land surface in Northern 

Hemisphere undergoes seasonal freezing and thawing (Varani, 2000). These seasonal 

transitions between freezing and thawing cycles regulate heat storage and heat transfer 

from the land surface to the atmosphere throughout the world (Zhang, et al. 1996). The 

amount of energy released or absorbed for this transition between freezing and thawing 

would be much higher (almost 80 times) than the amount of energy that is released or 

absorbed for the heating or cooling of water (Varani, 2000).

Figure 4. Snow and Ice cover in Northern hemisphere

Cover
Snow

Sea Ice
(>15%)

Open
Sea

SnoTfV & Ice

The timing, duration, thickness and distribution of frozen soils are primarily controlled by 

heat exchange between the atmosphere and land surface (Varani, 2000). For any climatic 

conditions, the transition between freezing and thawing occurs. The extent to which El 

Nino and La Nifia affects the duration and timing of freeze and thaw is unknown; yet this 

physical process has important consequences on soil and atmospheric moisture levels, as 

well as on biological activity (Kimball, et al 2001 and Myneni, et al 1997a).



STUDY OBJECTIVES

Thus, the objectives of this study are categorized into two.

• Describe the response of the seasonally frozen soils during the major climatic 

events (El Nino and La Nina)

• Describe the linear association between the frozen land duration and related 

climatic (terrestrial air temperature) and biophysical variables (Gross Primary 

Production, GPP).



PERIOD AND AREA OF THE STUDY

There is the disruption of normal climate patterns at higher latitudes besides the shift in 

the major precipitation in the tropics due to El Nino or La Nina events (Webster, et al 

1997). The datasets of freeze/thaw, air temperature and GPP are available for 1988-89 

and 1997-1998 and coincidently the most recent strong La Nina event and strong El Nino 

events occurred in 1988-1989 and 1997-1998 respectively (Figure 1). Since Northern 

Hemisphere is a huge land mass and the effect of ENSO is not the same within Northern 

Hemisphere (Figure 2). North Hemisphere is again sub-divided into Northern Eurasia [- 

15° W to +180° E and 35° N to 90° N], and North America [-172.5° W to -14.5° W and 

10°N to 90° N] (Figure 5).

Figure 5. The area of study

North America Northern Eurasia

Since, the effect of ENSO is significant in North America and not much on Eurasia, 

entire North America is considered in this study. Reason for considering only Northern 

Eurasia but not Eurasia is there is an abrupt transition occurs from frozen to thawed 

conditions occurs each year over roughly 50 million sq km of the Earth’s remote 

terrestrial surface at latitudes above 40® N (Running, et al. 1999a).
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DATA SOURCES AND DESCRIPTION

The freeze-thaw data sets were acquired from the Defense Meteorological Satellite 

Program (DMSP) Special Sensor Microwave/Imager (SSM/I) through the National Snow 

and Ice Data Centers (NSIDC). The NSIDC is a part of the University of Colorado 

Cooperative Institute for Research in Environmental Sciences, and is affiliated with the 

National Oceanic and Atmospheric Administration (NOAA). It serves as one of the eight 

Distributed Active Archive Centers (DAAC) funded by National Aeronautics and Space 

Administration.

SSM/I DESCRIPTION

The SSM/I is a sensor onboard the DMSP platform on the F-8 satellite launched in July 

1987. Subsequent SSM/Ts have been launched on the F-10, F-11, F-12, F-13, F-14, and 

F-15 satellites. Only the sensors on the F-13, F-14 and F-15 satellites are currently in 

operation. The SSM/I is a near-circular, sun-synchronous, polar-orbiting satellite at 860 

Km above the surface of the earth with a 98.8 degrees inclination. The orbital period is 

102 minutes and provides almost full coverage of the earth in one day. The SSM/I is a 

seven channel, four frequency (19.35, 22.235, 37, 85.5 GHz), passive microwave 

radiometric system which measures atmospheric, ocean and terrain microwave brightness 

temperature at the four different frequencies. Spatial resolution is different for each 

channel (Table 1). All channels, except the channel at a frequency of 22.235 GHz, are 

dual-polarized. This means the sensor can transmit and receive signals in both horizontal 

and vertical directions of the same area.

Table 1. Spatial resolution of four channels on SSM/I Sensor

Frequency in GHz Polarization Spatial Resolution ( in Km)

19.35 V,H 49x69

22.235 V 40x60

37.0 V,H 29x37

85.5 V,H 13x15



Data collected by this sensor include various geophysical parameters such as rainfall rate, 

rainfall frequency, snow cover, and sea-ice, and is available on both daily and monthly 

time scales. Due to the ability of the microwave wave-length that can penetrate through 

clouds, provide data during day and night, and to provide an index of snow depth or 

water equivalent, passive microwave is a highly recommended satellite remote sensing 

technique to collect land surface ffeeze/thaw data (Armstrong, et al. 1999).

The SSM/I frozen soil algorithm (Judge, et al. 1996) is used to distinguish frozen pixels 

from non-frozen pixels in the freeze/thaw data. It requires two parameters: brightness 

temperature (Tb) and spectral gradient {ST^fSi), where f  is frequency of the signal. If the 

spectral gradient between 19 GHz and 37 GHz is negative and the brightness temperature 

at 37 V GHz is less than or equal to 258.2K a pixel is considered as frozen.

51^1 ôf <= 0

Tb(37V )<= 258.2

Since this soil algorithm cannot be used to distinguish snow-free soil from the snow- 

covered soil, the Goodison algorithm (Goodison, 1989) is used to identify the snow- 

covered land surface. The brightness temperatures of a pixel at 37 V GHz and 19 V GHz 

are substituted in the following expression.

GW = -2.74(Tb(37V) -  Tb(19V)) -20 .7

Where, GW is an indicator and a value > 0 implies the presence of snow on the ground 

surface.

Thus, the pixels are classified into non-frozen bare ground, frozen bare ground, non- 

frozen snow cover, frozen snow cover, missing, and ocean/lake. Missing data can the 

pixels that are not identified using the SSM/I frozen soil algorithm and Goodison 

algorithm or it can be not captured by sensor for some reason such as operational failure 

of the sensor. A code is assigned to each class, and a detailed description and 

identification of the categories is given (Table 2).

10



Table 2. Identification number assigned to the pixels belonging to different 
categories of the land surface condition

Category ID

Non-Frozen bare ground 1

Frozen bare ground 2

Non-Frozen snow cover 3

Frozen snow cover 4

Missing 7

Ocean/lake 8

Freeze/thaw datasets are available for each day starting from July 1, 1988 to June 30, 

1989 as well as from July 1, 1997 to June 30, 1998. Daily global freeze/thaw datasets 

were created in the Equal Area Scalable Earth (EASE) (Appendix Figure 1) grid format 

at a 25 km by 25 km grid cell resolution by NSIDC (Armstrong, et al. 1995). Each data 

grid is composed of 721 rows and 721 columns. These data are available for the Northern 

Hemisphere.

Monthly average air temperature (°C) datasets were acquired from Legates and 

Willmott’s (Peterson, T. C. 1997) which were in turn are collected from Global Historical 

Climatology Network (GHCN) stations. The GHCN is a comprehensive global surface 

baseline climate dataset designed to monitor and detect climate change. All GHCN 

datasets are available on a daily basis and are comprised of surface station observations 

of minimum, maximum and mean temperature, precipitation, and air pressure. These data 

are available via anonymous FTP from the National Climatic Data Center (NCDC) 

(Legates, et al. 1990a). The air temperature values from these stations are then spatially 

interpolated using a spherically-based interpolation algorithm (Legates, et al. 1990a) into 

a 0.5 latitude by 0.5 ° longitude grid to obtain the values for the entire world.

11



The daily average GPP data are calculated using MODIS MOD 17 algorithm (Running, et 

al. 1999b) and these datasets were also used by Nemani in his Science paper published in 

2003 (Nemani, et al. 2003). The MOD 17 algorithm requires daily values of Fraction of 

Photosynthetically Active Radiation (FPAR), Photosynthetically Active Radiation 

(PAR), Vapor Pressure Deficit (VPD), and air Temperature (T) for deriving GPP. Using 

the NDVI values derived from NOAA Advanced Very High Resolution Radiometer 

(AVHRR), monthly average FPAR values had been calculated (Myneni, et al. 1997), and 

these values are then interpolated to obtain the daily average FPAR. Daily average air 

Temperature (T), Vapor Pressure Deficit (VPD), and PAR are obtained from the National 

Center for Environmental Prediction (NCEP) center. The range for the maximum 

radiation conversion efficiency (Cmax) is (0.0006 — 0.0012) and it changes with the 

vegetation type. Thus, the daily average GPP (kg C/m^/day) is calculated using the 

MODIS MOD 17 algorithm as:

GPP = e max * FPAR* PAR,

Where, C is the conversion efficiency is the function of temperature and vapor pressure 

deficit and is calculated using the following expression

C = Gmax*f(T)*f(VPD)

Daily average GPP data and monthly average air temperature data are available for 1988, 

1989, 1997, and 1998 (four years) from January 1 to December 31. Each dataset consists 

of 720 rows by 360 columns, and is available globally. These data sets are in the 

Geographic Projection with a resolution of 0.5° x 0.5° latitude and longitude.

12



METHODS

The objectives of this study are to describe the temporal response of the frozen and non- 

frozen soils due to the MEI variation and find a correlation on the related biophysical 

variable (GPP) during th e l997-98 El Nino and the 1988-89 La Nifia events. The 1997-98 

freeze/thaw data has only 352 days available starting from 1 July ‘97 to 19 June ‘98, 

though 1988-89 has data for the full year, i.e. 1 July ’88 to 30 June ’89. Hence, 1 have 

defined a year as from July to June, which has only 352 days only.

A transformation from the azimuthal Equal Area Scalable Earth grid (EASE) (Appendix 

Figure 1) projection with 25 km by 25 km grid size to Geographic grid projection 

(Appendix Figure 2) of 0.5° by 0.5° latitude/longitude was performed using a Interactive 

Data Language (IDL) program (Appendix Program 1) to compare freeze-thaw data with 

air temperature and GPP data sets. The study area i.e.. North America and Northern 

Eurasia (Figure 5) are obtained from Northern Hemisphere depending on the array size. 

The array sizes of Northern Hemisphere, North America and Northern Eurasia are 

(712,712), (313,161) and (390,110) respectively. Freeze/thaw datasets contains six 

categories classified using the frozen soil algorithm and Goodison algorithm (Goodison, 

1989 and Judge, et al. 1996). Depending on the land surface condition each category was 

assigned a code (Table 2).

Temporal Response:

The temporal response of frozen land is studied by calculating the monthly area of frozen 

land and monthly Chi-square test values for both events in two regions. The Chi-square 

test values are only used to support the area analysis. As the study is about freezing and 

thawing of land surface, the ocean/lake and missing pixels are eliminated from all data 

sets (ffeeze/thaw, air temperature and GPP). It is also found that some of the missing 

pixels in 1997-98 are not missing in 1988-89 and vice versa. In order to avoid the 

incorrect conclusions, the missing pixels and ocean/lake pixels in both events are made as

13



one category and considered as missing data. The missing data for each day between the 

two years were checked and if they did not agree, those pixel values were classified as 

missing. The following code in IDL shows how this task was accomplished. Here 

dummy and dummy 1 are float arrays consisting of two year data together in one file with 

1997-98 year data from days 1-352 and 1988-89 year data from days 352-704. Dummy 

has array dimensions of (313,180,704) or (390,180,704) and dummy 1 has dimensions of 

either (313,161,704) or (390,110,704).

if (dummy[i,j,k] eq 7) OR (dummy[i,j,(k+352)] eq 7) or (dummy[i,j,k] eq 
8) OR (dummy[ij ,(k+3 52)] eq 8) then begin 

dummy l[ij,k] = 5 
dummy l[ij,k+3 52] = 5 

endif else begin
dummyl[i,j,k] = dummy [ij,k] 
dummy l[ij,k+3 52] = dummy[i,j,k+352]

The average number of pixels and the average area for non-frozen bare ground, non-

ffozen snow cover, frozen snow cover and frozen bare ground for each month in both

years are calculated using the following program. The monthly average area (sq km) of

the frozen leind is obtained by multiplying the area of a pixel with the number of days the

pixel is frozen. Here dummy 1 and daycat are float arrays of sizes

(313/390,161/110,30/31) and (313/390,161/110,5) respectively.

index 1 = dummyl[ij,*] eq 1 
nl = total(indexl) 
day cat[i,j,0] = nl

index5 = dummyl[i,j,*] eq 5 
n5 -  total(index5) 
day_cat[i,j,4] = n5

The monthly average number of pixels for a category

for i = 0,4 do begin ;i is the category 
count_pixel[i] -  total(day_cat[*,*,i])/30 
endfor
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The monthly average area (sq km) of the five categories

for i = 0,4 do begin 
month area[i]=0.0

for j=0,x do begin
for k=0,y do begin
month_area[i]=month_area[i]+(day_cat[j ,k,i] *area[j ,k])/3 0.00 
endfor

endfor
endfor

The distribution of the frozen land between these events is checked using Chi-square test. 

A Chi-square test is chosen since the data (freeze/thaw) is a multinomial, i.e., data 

consists of counts of pixels in two states (frozen and non-frozen) assigned to two years 

(1997-98 and 1988-89). The monthly Chi-square values are obtained by using the 

monthly observed and expected values (Appendix Chi-square Method). The monthly- 

observed values are the monthly average number of pixels calculated using the IDL code 

above.

The freezing and thawing of land surface condition will be known by the amount of 

increase or decrease in frozen land only frozen bare ground and frozen snow covered land 

categories are used from here onwards. Because the land surface can be either frozen or 

non-frozen, the increase in frozen land should be a decrease in non-frozen land and vice- 

versa. Thus, the increase or decrease of only frozen land is analyzed. The frozen 

land/pixel is considered as frozen bare ground and frozen snow cover.

A freezing period is defined from the month of August to the month of November and a 

thawing period from the month February to the month of May (Figure 3). The shift in 

transition, if there is any, between freezing and thawing will be known from the amount 

of increase and decrease in frozen land area during freezing and thawing period. Thus, 

the difference between the area of frozen land between preceding months in both periods
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is calculated to find the rate of change in amount of frozen land area from which the 

timing of the freezing/thawing in each event can be known.

Linear association between the duration of frozen land, air temperature and GPP:

The linear associations among the duration of fi*ozen land, air temperature and GPP are 

described by correlation coefficients and correlation graphs. The air temperature data and 

GPP data are extracted for North America and Northern Eurasia from the global data sets. 

The pixels in these data sets (air temperature and GPP) that represent missing pixels in 

the freeze/thaw data were eliminated. In order to do this, the maximum number of days in 

a year that a pixel is present in a specific category of freeze/thaw data is calculated using 

the following code (Appendix Program 4).

for i = 0,x do begin
for j = 0,y do begin 

count[*] = OL 
for k = 352,703 do begin

if (dummy [i,j,k] eq 1) then begin 
count [0] = count[0]+l

endif

if (dummy[ij,k] eq 4) then begin 
count[3] = count[3]+l

endif
endfor

if (count[0] eq 0 AND count[l] eq 0 AND count[2] eq 0 AND count[3] eq 0) then
begin

output[iJ] = 5
endif
if (count[0] gt count[l]) AND (count[0] gt count[2]) AND (count[0] gt count[3]) 

then begin
output[i j]  = 1

endif

if (count[3] gt count[0]) AND (count[3] gt count[l]) AND (count[3] gt count[2]) 
then begin

output[i j]  = 4
endif
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sum[*] = sum[*]+count[*] 
endfor

endfor

Once the maximum count of a pixel in a category of freeze/thaw data is known, the air 

temperature and GPP pixels that are found as missing in freeze/thaw data were eliminated 

by overlaying the freeze/thaw datasets with the air temperature and GPP data sets. The 

monthly average air temperature and monthly average GPP are obtained (Appendix 

Program 5 and 6). The code to overlay the air temperature data with the freeze/thaw data 

so as to eliminate the missing pixels in ffeeze/thaw data in air temperature data as well as 

calculating the monthly average air temperature is as follows:

for k = 0,11 do begin
if (dummy 1 [i,j] ne 5) then begin

temp2[ij,k] = dummy[i,j,k]*area[i,j]
sum[k]=sum [k] +area[i,j ]
endif

endfor

avet = fltarr(12)
for i = 0,11 do begin
avet[i] = total(temp2[*,*,i])/sum[i]
endfor

The code to overlay the GPP data with the ffeeze/thaw data to eliminate the missing GPP 

pixels in freeze/thaw data as well as calculating the monthly average GPP follows:

for k = 0,11 do begin
if (table[i j]  ne 5) AND (B[k,i j]  gt 0) then begin
dummy [k,i,j] = B[k,iJ]*area[ij]
sum[k]=sum[k]+area[i,j]
endif
endfor

gpp__month=fltarr( 12) 
for i = 0,11 do begin
gpp_month[i] = total(dummy[i,*,*])/sum[i] 
endfor
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The correlation coefficient, r, and correlation graphs among the frozen land duration, air 

temperature and GPP for each event is obtained using the following code (Appendix 

Program 7).

dummy = fltarr(390,l 10,5) ;NA=(313,161,5)-here dummy is #of days a pixel is frozen
y = fltarr(390,110) ;air temperature
z = fltarr(390,110) ;GPP, Kg C/m^/month

z = z*1000
X  = fltarr(390,l 10) ;frozen=frozen bare ground(l) and frozen snow cover(3)
x[*,*] = dummy[*,*,l]+dummy[*,*,3]
ind=where(y[*,*] ne 0.0 and y[*,*] ne -999.0 and z[*,*] ne -999.0) 
plot, y[ind[*]], z[ind[*]], psym=l,symsize=0.5, color = 1 
result = correlate(y[ind[*]],z[ind[*]])

The correlation coefficient as well as correlation graphs are used to interpret the general 

patterns of relation among these attributes (frozen land, air temperature and GPP). 

Though the correlation was always not strong between these attributes, a pattern appeared 

to exist depending on the frozen land duration. Hence, the frozen land pixels are 

classified into seven depending on the duration of the land (Table 3) to find the variation 

of air temperature as well as GPP with in each class. The air temperature and GPP data 

for each pixel under a specific class are obtained (Appendix Program 8). The code is 

written here under.

if (0 le x[ij]) and (x[i,j] It 49) and (dummy2[i,j] ne 0.0) and (dummy2[i,j] ne -

999.0) and (dummy3[ij] ne -999.0) then begin 

where, x is the data of frozen land duration, dummy2 is air temperature data and dummy3 

is GPP data.
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Table 3. Classifying the frozen land depending on the duration of the land in the
frozen state

Duration of Frozen land ID

0-49 1
50-99 2
100-149 3
150-199 4
200-249 5
250-299 6
300-352 7

The class and three attributes are entered year wise in SPSS as columns, where classes 

and corresponding data for each class of three attributes are entered in the ascending 

order of classes. The descriptive statistics such as total number of pixels in each class 

(N), mean and standard deviation for the three attributes for all classes are obtained for 

both events and regions. The variations of the air temperature and GPP with in each class 

with respect to the duration of frozen land duration are found using the high-low bars 

plotted using SPSS. The high value is sum of one standard deviation and the mean 

whereas low value is the subtraction of one standard deviation from the mean. The close 

variable is chosen as the mean value of the respective attribute (air temp/GPP).
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RESULTS AND DISCUSSION

Temporal Analysis:

The monthly average area of the frozen land (sq km) (Figure 6) as well as the monthly 

average number of frozen pixels obtained using chi-Square test (Table 4) shows that the 

temporal distribution of the amount of frozen land (area/number) is not the same between 

the two events for both regions. The greater difference in chi-square values and greater 

difference between frozen land area between two events for North America can be due to 

significant difference of frozen pixels in the months of May, June, July, October and 

November. However, there the chi-square values and frozen land area between events in 

Northern Eurasia is not same the difference in each month between the events is not 

much except for the months of June, July and November.

Figure 6. Monthly Average Frozen Land Area (sq km) of North America and 
Northern Eurasia during the 1988-89 La Nina and 1997-98 El Nino events
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The percent of increase or decrease in frozen land area between the events with 1988-89 

as the base year is displayed at the top of each bar (Figure 6). Notice that there is a huge 

difference in frozen land area during summers and not much during winters.

Table 4. Chi-Square Values for frozen pixels of North America and Northern
Eurasia

North America ;
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May_______ __

1997-1998 93^8 14.52 1.912 23.622 37.92 “11.69 13.03 4.17 7.58: 0.73 40.68^238 32 
1988-1989 85.68 13.28 1.749 21.606 34.68 10.69 11.92 3.81“ 6.93! 0.66 37721 217.98

'Northern Eurasia 
Jul Aug Sep TOct

1997-1998 22.67] 12.79 29.19 26.124
1988'-i989 22.14 " 12.49' 28.51^25.517

Nov Ibec Jan Feb Mar Apr iMay 
3.363 0.096 0.992 1.35 11.1 
3.284' 0.094 0.969

Jun
0.07; 0.036 101.75,

1 32i 10 8 0 07' 0 035 99.381 '

It is observed that during the 1997-98 El Nino event, the total average area that is frozen 

for North America is approximately 7.8x10^ sq km it is little higher than 12.0x10^ sq km
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for Northern Eurasia. However, during the 1988-89 La Nina event, the total average 

frozen land area is around 8.5x10^ sq km for North America and 12.3x10^ for Northern 

Eurasia (Appendix — Table 1). There is a decrease in total average frozen land of 

approximately 0.7 million sq km in North America while it reduced approximately by 

0.33 million sq km in Northern Eurasia from 1988-89 La Nina to 1997-98 El Nino. Since 

there were more number of El Nino events that occurred in the decade of 1990 

(Trenberth, 1997), this decrease in frozen land in both regions can be explained as a 

direct relation between frozen land and El Nino years (Running, et al. 1999a). That 

means that an increase in the number of El Nino events leads to a decrease in the average 

amount of frozen land.

The change in frozen land area between the months is the amount of the land that freezes 

or thaws due to the transition between the land conditions that occur because of variation 

in climatic conditions. The amount of frozen area that increased or decreased was shown 

(Table 5). The freezing of North America during the 1997-98 started in the month of 

August, at least a month earlier than the 1988-89 and it continued to increase until the 

month of November (mid-fall). However, by end of freezing period (December), the rate 

of the frozen land for the 1988-89 increased and it had almost 1.0x10^ sq km more frozen 

land than the 1997-98. Thus, it can be explained that North America, during the 1988-89 

had started freezing slowly initially but later on the rate of increase of the frozen land was 

high. While, during the 1997-98, North America started freezing a month earlier than the 

normal freezing period, and showed a gradual increase in the area of frozen land only 

until the month November.

The rate of freezing of the land in Northern Eurasia for both events started in the month 

of September and the rate of increase of freezing is higher for the 1988-89 for the entire 

freezing period except for the month of November. In the month of November, the 

increase in the frozen land during the 1988-89 is approximately 2.0x10^ sq km higher
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than during the 1997-98 (Table 5). Hence for Northern Eurasia, frozen land rapidly 

increased from September to November during 1997-98 and 1988-89.

On the other hand, thawing occurred from the month of February and the pattern of 

decreasing frozen land is similar for both events in both regions (Table 5). The rate of 

thawing for North America during the 1997-98 is gradually increasing and by the end of 

thawing period, it thawed at a rate of two to three times higher than the beginning. 

However, during the 1988-89, it thawed one month later than during the 1997-98 and it 

was rapid in the month of March, i.e., by the middle of the thawing period, and later on it 

decreased in April and again increased twofold from the beginning of May. In Northern 

Eurasia though the thawing started at the same time, in the month of February, for both 

events and the rate at which land thawed was rapid for the 1988-89 La Nina and it was 

gradual and fluctuating for the 1997-98. Overall, North American land as well as 

Northern Eurasian land thawed more in the 1997-98 than the 1988-89.

Table S.The change in frozen land area (million sq. km) from preceding months in 
each event during freezing and thawing periods for North America and Northern

Eurasia.

Month NA98 NA89 NE98 NE89
Freezing Period (Aug-Jul) 0.19 -0.59 -0.48 -0.63

(Sep-Aug) 0.76 0.45 0.79 0.95
(Oct-Sep) 2.53 1.92 5.68 4.52
(Nov-Oct) 4.85 4.47 9.37 11.28
(Dec-Nov) 2.95 4.05 6.53 5.85

Thawing Period (Feb-Jan) -0.31 0.50 -0.20 -0.21
(Mar-Feb) -1.23 -1.75 -2.33 -3.29
(Apr-Mar) -2.12 -1.18 -4.24 -2.87
(May-Apr) -5.04 ^ .4 9 -7.83 -8.04
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Correlation Analysis:

Correlation analysis was performed among three attributes taken two at a time (Figure 7 

and 8). The relation between duration of the frozen land and average air temperature is 

negatively correlated and it is concentrated with a slight shadow effect for North America 

whereas it is strongly concentrated for the Northern Eurasian region. On the other hand, 

the relation between average air temperature and GPP is positively correlated and the 

relation between duration of the frozen land and average GPP is negatively correlated. 

But the pattern between the duration of frozen land and average air temperature as well as 

duration of frozen land and average GPP appear to be more or less random or dispersed 

for North America as well as Northern Eurasia.

When observed closely, the correlation graph between frozen land duration and GPP as 

well as air temperature and GPP shows linear association. Though they are not highly 

correlated, the pixels in the graph seem to follow two individual patterns that had shown 

the linear association. There is no significant trend seen between the association of these 

attributes in Northern Eurasia except for the average duration of frozen land and average 

air temperature (Figure 7). The correlation coefficients, r, between the attributes are given 

in Table for North America and Northern Eurasia (Table 6).
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Figure 7. Correlation analysis for three climatic attributes describing North
America
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Figure 8. Correlation analysis for three climatic attributes describing Northern
Eurasia
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Table 6. The correlation coefficient r, among the average frozen land duration, 
average air temperature and average GPP.

Correlation
Coefficient,

r

NA98 NA89 NE98 NE89

average 
frozen land 
duration Vs 
average air 

temperature

-0.83 -0.87 -0.90 -0.90

average air 
temperature 
Vs average 

GPP

0.73 0.73 0.28 0.29

average 
frozen land 
duration Vs 

average 
GPP

-0.65 -0.67 -0.32 -0.32
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Graphical Analysis:

The correlation diagrams which are scattered, exhibit a lot of variation along the duration 

of frozen land, so High-Low bar graphs were created to further examine the nature of 

variation of air temperature and GPP with respect to each class of frozen land duration. 

Here the Y-axis is either air temperature or GPP and X-axis is always classes of frozen 

land duration.

For North America, the variation in air temperature with in each class of frozen land 

duration is the same for the first two and last two classes of the 1997-98 and the 1988-89. 

However, the variation with in each class is pretty but similar for all classes for the 1997- 

98 and not for the 1988-89. The average air temperature decreased along with the 

duration of frozen land (Figure 9). The variation of the GPP with in each class and 

average GPP is found to be higher and kept fluctuating for the first four classes of frozen 

land duration and decreased for rest of classes for both events.

On the other hand, for Northern Eurasia, the variation of air temperature is similar for the 

first four classes of frozen land duration and fluctuated for rest of the classes during the 

1997-98 and the 1988-89. While the average air temperature decreased with the frozen 

land duration classes for both events. The GPP had higher variation and the average GPP 

kept fluctuating for first four classes of frozen land duration and then the variation with 

the class and the average GPP decreased for rest of the classes for both the years (Figure 

10).
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Figure 9. The standard high-low bars plotted between frozen land and average air
temperature as well as average GPP in North America
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Figure 10. The standard high-low bars plotted against frozen land and average air
temperature as well as average GPP in Northern Eurasia
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The descriptive statistics, used to obtain the high-low graphs, shows that for North 

America, the total number pixels (N) that are frozen is higher from class 1 to class 5 of 

frozen land duration during the 1997-98 than the 1988-89 (Table 7). That means during 

the 1997-98 El Nino event, there was more number of pixels that are frozen whereas, for
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the 1988-89 La Nina event, the pixels are frozen for longer duration of time. On the other 

hand, the number of pixels (N) that are frozen in each class kept fluctuating between the 

two events of Northern Eurasia (Table 8).

Table 7. The descriptive statistics of frozen land, air temperature and GPP for all 
frozen land duration classes in North America

Frozen
land
duration

Total
number of Mean Mean_ SD Mean SD

class pixels (N) FL98 Temp98 Temp98 GPP98 GPP98
classi 334? 12.02 13.54 11.13 40.32 2?.91
class2 182? ?5.06 3.19 ?.96 29.4 19.03
classS 1?80 124.91 -0.56 6.65 28.5? 14.95
class4 2324 1?8.14 -4.21 5.61 19.3 11.5
class5 2636 219.?1 -9.69 6.1 9.25 ?.82
ciass6 995 2?5.31 -1?.1 6.8 0.89 3.0?
class? 1410 32?. 15 -20.?4 5.68 0.0?4 0.98

Frozen
land
duration

Total
number of Mean Mean SD Mean SD

class pixels (N) FL89 Temp89 Temp89 GPP89 GPP89
classi 3235 13.86 14.22 9.68 39.?6 2?.49
class2 1616 ?6.9? 3.16 8.24 2?.55 1?.92
classS 1516 124.03 -1.0? 6.02 29.11 13.61
class4 210? 1?5.?3 -4.56 4.4 20.69 11.08
classS 2495 223.51 -9.56 5.02 9.82 ?.33
class6 1384 2?1.56 -15.2? 6.41 2.86 4.84
class? 1966 334.?1 -21.5 5.86 0.22 1.?3
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Table 8. The descriptive statistics of frozen land, air temperature and GPP for all
frozen land duration classes in Northern Eurasia

Frozen
land
duration
class

Total 
number 
of pixels 
(N)

Mean
FL98

Mean
Temp98

SD
Temp98

Mean
GPP98

SD
GPP98

classi S642 21.64 11.1 3.61 28.44 1?.99
class2 2S46 ?3.91 6.2? 3.96 21.28 1?.61
classS 393S 123.26 1.49 4.16 22.26 14.?9
class4 S6?1 1?5.?6 -2.41 3.?4 26.61 10.08
classS S41S 224.43 -10.18 4.69 1S.08 ?.94
class6 60S 262.18 -14.12 2.39 3.SS 4.S3
class? 18 309.83 -13.2? 3.S5 0 0

Frozen
land
duration
class

Total 
number 
of pixels 
(N)

Mean
FL89

Mean
Temp89

SD
Temp89

Mean
GPP89

SD
GPP89

classi 3416 23.4S 11.1? 3.43 26.S1 1?.86
class2 2662 ?4.5 ?.02 3.64 23.S6 1?.21
ClassS 3910 12S.55 2.?8 3.8S 23.22 14.42
class4 39?? 1?4.51 -0.8 3?1 2?.3 11.09
classS 44S8 220.94 -8.?S 4.32 1S.88 ?.8?
classG 1244 26S.S9 -12.29 2.86 S.S3 4.49
class? 1SS 316.34 -14.?2 2.64 0.38 1.58
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CONCLUSIONS

Results from the monthly average area of frozen land (sq km) and the chi-square values 

shows that the amount of land that was frozen and thawed during the 1997-98 El Nino 

and the 1988-89 La Nina events is not similar. Thus, the impact of both events on the 

land surface process is different. There was a decrease in total average frozen land of 

approximately 0.7 million sq km in North America and approximately 0,33 million sq km 

in Northern Eurasia from 1988-89 La Nina to 1997-98 El Nino. This can be explained as 

the number of El Nino events that occurred in the decade of 1990 (Trenberth, 1997) are 

more. There is a direct relationship between the El Nino years and the reduced snow 

cover extent (Kimball, et al. 2001). Hence, this decrease in the frozen land area during 

the El Nino event can be supported as the decrease in amount of snow extent during El 

Nino years.

The difference in the frozen land area (sq km) between preceding months indicates the 

change in the transition period between freezing and thawing. North America during the 

1997-98 El Nino event froze a month earlier (August) and thawed a month earlier 

(February) than the 1988-89 La Nifia event. However, not any difference in transition 

between freezing and thawing of land surface is seen between the two events for 

Northern Eurasia.

The correlation between the average duration of frozen land and average air temperature 

as well as average duration of frozen land and average GPP is negative. However, the 

correlation between the average air temperature and average GPP is positive. The relation 

between the average duration of frozen land and average air temperature is concentrated 

and the relation between the duration of frozen land and average GPP is scattered or 

dispersed. Nevertheless, a strong linear relationship is found for North America but not 

for Northern Eurasia (except for average duration of frozen land Vs air temperature).
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The variation of air temperature as well as GPP with in each class of frozen land duration 

is more or less same for North America and Northern Eurasia respectively. It is observed 

from high-low bars that for almost all classes of frozen land duration, the variation of air 

temperature is similar for both regions between the two events. The average air 

temperature decreased along the frozen land duration. While variation of GPP with in a 

class and average GPP was higher for the first four classes of frozen land duration and 

kept fluctuating for these four classes but later the variation and average GPP decreased 

for remaining classes.

Hence, unlike North America, Northern Eurasia had lesser difference of average frozen 

land (sq km) between the 1988-89 La Nina and the 1997-98 El Nino events, had no 

change in the transition between freezing and thawing between these events and had no a 

clear association among the attributes. This can be due to the other climatic variations 

such as North Atlantic Oscillation (NAG) other than MEI, affecting the land surface 

processes of Northern Eurasia (Franzke, et al. 2002).
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FUTURE RESEARCH RECOMMENDATIONS

Although this study remains as a case study due to insufficient data, I strongly 

recommend that this study should be continued. It is found that the frequency of the El 

Nino and La Nina events is increasing (Timmermann, et al. 1999) since the 1970s and the 

importance of global climatic conditions on vegetation is well documented (Myneni, et 

al. 1997). The percent of decrease in frozen land area from 1988-89 to 1997-98 is found 

to be 13%, on average, in North America and 10% in Northern Eurasia.

The increase or decrease in the amount of frozen land area effects the energy absorbed or 

released by the land surface. The variations in the surface energy influence the heat 

stored, released and transferred by the land thus influencing the climate such as the air 

temperature and precipitation. The computed percent of increase or decrease in frozen 

land area between the events with 1988-89 as the base year (Figure 6) shows that there is 

a huge difference in frozen land during summers (between 25-50%) and not much during 

winters (between 5-12%). The decrease in the amount of frozen land leads to increases in 

terrestrial temperatures. This increase in air temperature and decrease in frozen land can 

be related to El Nino and La Nina events that are leading to global warming.

As well as the air temperature, land surface processes affect all of us; the relationship 

between the climatic and land surface processes should be further explored. The data sets 

used in this study (air temperature, ffeeze/thaw and GPP) should be acquired for all El 

Nino and La Nifia events that have occurred from at least 1970s and the general behavior 

pattern of these attributes should be investigated. 1 also recommend studying the degree 

of spatial variation due to ENSO at different climatic zones (boreal, temperate and sub 

tropical) as the amount of decrease in frozen land area is greater in North America 

(Figure 6).
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GLOSSARY

Albedo: The fraction of the incident electromagnetic radiation that is reflected by the 
surface.

Brightness Temperature: Brightness temperature or apparent temperature is the 
emissivity or radiation between the objects at same temperature measured by the 
microwave radiometer in the microwave portion of the spectrum.

El Nino Southern Oscillation Index (ENSO): ENSO phenomenon is considered as a 
part of global climate system and results from large-scale interactions between the oceans 
and the atmosphere that occur chiefly across its core region in the tropical-subtropical 
Pacific to Indian Ocean basins.

Equal Area Scalable Earth (EASE) Grid: The EASE Grid format was developed by 
the NSIDC for the MASA/NOAA Pathfinder program level 3 products which include 
both SSM/I and SMMR data.

FPAR: It is the fraction of absorbed Photosynthetically Active Radiation (PAR).

PAR: Photosynthetically Active Radiation is the radiation that can be used for the 
process of photosynthesis.

Gross Primary Production (GPP): It is the total amount of carbon produced by plants
per unit time and area in the process of photosynthesis. Usually measured in Kg
C/m^/day.

Normalized Difference of Vegetation Index (NDVI): It is the ratio of difference
between the reflectance of near infrared region and the visible region to the total
reflectance of near infrared and visible region observed by the Advanced Very High 
Resolution radiometer onboard the National Oceanic Atmospheric Administration 
Satellite.
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APPENDIX

FIGURE 1

EQUAL AREA SCALABLE EARTH (EASE) GRID PROJECTION.
GRID SIZE -  25 KM X 25 KM.

THE DIFFERENCE BETWEEN THE 1997-98 EL NINO AND THE 1988-89 LA
NINA EVENTS.

N u m b e r  o f  D a y s  

ISO - 1 2 0  - 6 0  0 60 120 lao

41



FIGURE 2

GEOGRAPHIC PROJECTION.
EQUAL LATITUDE AND LONGITUDE OF SIZE 0.5®. 

DIFFERENCE BETWEEN THE 1997-98 EL NINO AND THE 1988-89 LA NISA
EVENTS.
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FIGURE 3

DIFFERENCE IN NON FROZEN BARE GROUND 
BETWEEN THE 1997-98 EL NINO AND THE 1988-89 LA NINA EVENTS.
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PROGRAM 1
PROGRAM TO CONVERT THE EASE-GRID FREEZE/THAW DATA TO

GEOGRAPHIC PROJECTION.

pro EASE Geog 
; PURPOSE:
; converts azimuthal equal-area or equal-area cylindrical grid coordinates 
; to geographic coordinates.
; EASE Grid Map is of Northern Hemisphere (with latitude ranging from 
; 0-90 degree and longitude ranging from -180 to +180 degrees)
EASE = fltarr(721,721) 
cols = 721 
rows = 721 
RE km = 6371.228 
CELL_km = 25.067525
latt = (90-0)/0.25 ;0.25 is the resolution in degrees 
long = (180-(-180))/0.25 
output = fltarr(long,latt)
Geog = fltarr(long,latt) 
dir = Vul/divya/pro' 
for cat = 1,8 do begin

filenam e = 'diff + strtrim(cat,2) 
file = filepath(root_dir = dir, file name) 
close, 1
openr, 1, file, ERROR = err 
if (err eq 0) then begin 
readu, 1, EASE
endif else print. Tile not found', file 
close, 1

endfor
for i = 0,720 do begin 

for j = 0,720 do begin 
scale = 1 ; Assume grid projection to be 25 km 
Rg = scale * RE km/CELL km 
rO = (cols-l)/2. * scale ;center of the grid 
sO = (rows-l)/2. * scale ;center of the grid 
X = i - rO 
y = j - sO
rho = sqrt(x*x + y*y) ;radial distance from center 
if rho eq 0. then begin 

lat = 90.0 
Ion = 0.0 

endif else begin
sinphil = sin(!PI/2.)
cosphil = 0
if y eq 0. then begin
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if i le rO then lam = -!PI/2. 
if i gt rO then lam = !PI/2. 

endif else begin
lam = atan(x,-y)

endelse
gamma = rho/(2 * Rg) ; gamma is the rho value for diameter = 1 
if (abs(gamma) gt 1.0) then GOTO, Invalid 

c = 2 * asin(gamma) 
beta = cos(c) * sinphil 

endelse
if (abs(beta) gt 1.) then GOTO, Invalid

phi = asin(beta) ; phi is rho value for radius equal = 1 
lat = phi * 180/! PI ;converting radians to degrees 
Ion = lam * 180/! PI ; converting radians to degrees 

if (lat It 0.0) then GOTO, Invalid 
m = long * ((lon+180)/360.) 
n = latt * ((90-lat)/90.0) 
m = fix(m) ; floating to integer 
if (m eq 1440) then m = 0 
n = fix(n) ; floating to integer 
output[m,n] = EASE[i j]
Invalid:

endfor
endfor
output = congrid(output,720,l 80) ;resizes the grid from 1440*360 to 720*180
output = reverse(output, 1)
openw, 1, output
writeu, 1, Geog
END

PROGRAM 2
THE MISSING AND OCEAN/LAKE DATA ARE KEPT IN ONE CATEGORY. 
NORTH AMERICA AND NORTHERN EURASIA ARE EXTRACTED FROM

NORTHERN HEMISPHERE

dummy = fltarr(313,180,704)
;North America = (313,180,704) and Eurasia = (390,180,704)
dummy 1= fltarr(313,161,704)
;North America and = (313,161,704) and Northern Eurasia = (390,110,704)
for i=0,389 do begin 
for j=0,109 do begin

for k=0,351 do begin
if (dummy[i,j,k] eq 7) OR (dummy[ij,(k+352)] eq 7) or (dummy[i,j,k] eq 

8) OR (dummy[i,j,(k+352)] eq 8) then begin
dummy l[i,j,k] = 5
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dummyl[ij,k+352] = 5 
endif else begin

dummy l[i,j,k] = dummy [ij,k] 
dummy] [ij,k+352] = dummy [ij,k+352]

endelse
endfor

endfor 
endfor 
close, 9
openw, 9, Vntsg/divya/final/northem_eurasia/category98.dat' 
writeu, 9, dummy 1 
close, 9

PROGRAM 3
MONTHLY AVERAGE NUMBER OF PIXELS AND AVERAGE AREA (sq km) OF

EACH CATEGORY

dummy = fltarr(313,161,704) 
dummy 1 = fltarr(313,161,31) 
d aycat = fltarr(313,161,5) 
close, 9
openr, 9, '/ntsg/divya/flnal/america/category98.dat' 
readu, 9, dummy 
close, 9

; Rvalues are changed when calculated for month and year.
for i = 0,312 do begin

for j =0,160 do begin 
for k=0,30 do begin 

;for yearly calculation 1988-89 k=352,703 and 1997-98 k=0,351
dummy 1 [i,j,*]=dummy[i,j,k] ;whereas for 1988-89 it is dummy[i,j,(k-351)] 
endfor

endfor

for i = 0,312 do begin
for j = 0,160 do begin 

index 1 = dummyl[i,j,*] eq 1 
nl = total(indexl) 
day_cat[ij,0] = nl 
index2 = dummy! [i,j,*] eq 2 
n2 = total(index2) 
day_cat[ij,l] = n2 
index3 = dummyl[ij,*] eq 3 
n3 = total(index3) 
day_cat[ij,2] = n3 
index4 = dummy! [i,j,*] eq 4
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n4 = total(index4) 
day_cat[i j,3] = n4 
indexS = d u m m y e q  5 
n5 = total(index5) 
day_cat[i,j,4] = n5 

endfor
endfor
; count_pixel values are used in chi-square test.
count_pixel = lonarr(5) 
for i = 0,4 do begin
count_pixel[i] = total(day_cat[*,*,i])/31 
endfor

temp=dblarr(720,360)
area=dblarr(313,161)
openr, 1, Vntsg/divya/eurasia/halfdeg.area'
readu, 1,temp
close, 1
for 1=15,327 do begin

for j=0,160 do begin
area[i-15 j  ]=temp[i,j ]

endfor
endfor
;area of each category in freeze/thaw data.
m ontharea = dblarr(5) 
for i = 0,4 do begin

month_area[i]=0.0 
for j=0,312 do begin

for k=0,160 do begin
month_area[i]=month area[i]+(day_cat[j,k,i]*area[j,k])/31.00

endfor
endfor

endfor 
close, 9
openw, 9, Vntsg/divya/fmal/america/numofdaysJan98.dat' 
writeu, 9, day cat 
close, 9 
close, 9
openw, 9, Vntsg/divya/final/america/pixel countJan98.txt' 
printf, 9, count_pixel 
close, 9 
close, 9
openw, 9, Vntsg/divya/final/america/areaJan98.txt' 
printf, 9, month area 
close,9
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end

PROGRAM 4
THE MAXIMUM NUMBER OF DAYS THAT A PIXEL BELONGS IN ONE

CATEGORY FOR A YEAR.

pro pixel
dummy = fltarr(390,110,704)
; north America=(313,161) northern Eurasia=(390.110)
output = intarr(390,l 10) 
count = lonarr(4) 
sum = lonarr(4) 
sum[*] = 0
for i = 0,389 do begin

for j = 0,109 do begin 
count[*] = OL 
for k = 352,703 do begin 

;k =0,351 or 352,703. one year is considered at a time.
if (dummy[ij,k] eq 1) then begin 

count [0] = count[0]+l
endif
if (dummy [i,j,k] eq 2) then begin 

count[l] = count[l]+l
endif
if (dummy[ij,k] eq 3) then begin 

count[2] = count[2]+l
endif
if (dummy [i,j,k] eq 4) then begin 

count [3] = count[3]+l
endif

endfor
if (count[0] eq 0 AND count[l] eq 0 AND count[2] eq 0 AND count[3] eq 0) then

begin
output [ij] = 5

endif
if (count[0] gt count[l]) AND (count[0] gt count[2]) AND (count[0] gt count[3]) 

then begin
output[ij] = 1

endif
if (count[l] gt count[0]) AND (count[l] gt count[2]) AND (count[l] gt count[3]) 

then begin
output[i j]  = 2

endif
if (count[2] gt count[0]) AND (count[2] gt count[l]) AND (count[2] gt count[3]) 

then begin
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output[i j]  = 3
endif
if (count[3] gt count[0]) AND (count[3] gt count[l]) AND (count[3] gt count[2]) 

then begin
output[i j]  = 4

endif
sum[*] = sum[*]+count[*] 
endfor

endfor 
close, 9
openw, 9, 7ntsg/divya/final/northem-eurasia_pixel_map98.dat' 
writeu, 9, output 
close, 9

end

PROGRAM 5
OVERLAPPING THE FREEZE/THAW DATA WITH TEMPERATURE DATA TO 
ELIMINATE THOSE PIXELS IN TEMPERATURE DATA THAT REPRESENT AS 

MISSING PIXELS IN FREEZE/THAW DATA.THE AVERAGE MONTHLY AIR 
TEMPERATURE IS ALSO OBTAINEDD SIMULTANEOUSLY

pro temp clip
;output file has temp values for those pixels for which NGBF+FBG+NFSC+FSC 
;value$ are available
table = fltarr(720,360,12) 
dummy = fltarr(313,161,12) 
close, 9
openr, 9, Vntsg/divya/north_america/tave.l997.mon' 
readu, 9, table 
close,9
for i = 6,11 do begin
dummy [*,*,(i-6)] = table[15:327,0:160,i]
;northamerica-15:327, 0:160, northernEurasia-330-719,0:109
endfor 
close, 9
openr, 9, Vntsg/divya/north_america/tave. 1998.mon'
readu,9,table
close, 9
for i = 0,5 do begin
dummy [*,*,(i+6)] = table[15:327,0:160,i] 
endfor
dummy 1 = intarr(313,161) 
close, 9
openr, 9, Yntsg/divya/final/america_pixel_map98 .daf 
readu, 9, dummy 1
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close, 9
tempi = dblarr(720,360)
area = dblarr(313,161)
openr, 1, Vntsg/divya/eurasia/halfdeg.area'
readu, 1, tempi
close, 1
for i = 15,326 do begin ; north America-15,326, northernEurasia-330,719

for j = 0,160 do begin
area[i-15J] =templ[i,j]

endfor
endfor
temp2 = fltarr(313,161,12) 
sum = fltarr(12) 
sum[*] = 0.0

for i = 0,312 do begin
for j =0,160 do begin

for k = 0,11 do begin
if (dummy 1 [ij] ne 5) then begin

temp2[i,j,k] = dummy [ij ,k] * area[i,j ] 
sum[k]=sum[k]+area[ij]

endif
endfor

endfor
endfor 

avet = fltarr(12) 
for i = 0,11 do begin 
avet[i] = total(temp2[*,*,i])/sum[i] 
endfor 
close, 9
openw, 9, Vntsg/divya/final/america-temp98.txt' 
printf, 9, avet 
close, 9 
end

PROGRAM 6
OVERLAPPING THE FREEZE/THAW DATA WITH GPP DATA TO ELIMINATE 

THOSE PIXELS IN GPP DATA THAT REPRESENT AS MISSING PIXELS IN 
FREEZE/THAW DATA.THE AVERAGE MONTHLY GPP IS ALSO OBTAINED

SIMULTANEOUSLY

pro gpp_clip
;output file has temp values for those pixels for which NGBF+FBG+NFSC+FSC
;values are available
;gpp input data is in kg C/m2/day
A = fltarr(12,8,720,360)
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B = fltair(12, 390,110) 
close, 1
openr, 1, Vntsg/divya/gpp/198 S metsum month v 1 .bsq' 
readu, 1, A 
close, 1
for i = 6,11 do begin 
B[(i-6),*,*] = A[i,7,330:719,0:109]
;northAmerica-14:326,0:160, northernEurasia-330:719,0:109
endfor
openr, 1, Vntsg/divya/gpp/1989 metsum month v 1 .bsq' 
readu, 1, A 
close, 1

for i = 0,5 do begin
B[(i+6), *, *] = A[i,7,330:719,0:109]
endfor
table = intarr(390,l 10) 
close, 1
openr, 1, '/ntsg/divya/final/northem_eurasia_pixel_map89.dat' 
readu, 1, table 
close, 1
temp = dblarr(720,360)
area = dblarr(390,l 10)
openr, 1, '/ntsg/divya/eurasia/halfdeg.area'
readu, 1, temp
close, 1
for i = 330,719 do begin ;northAmerica-l5,326, northernEurasia-330,719

for j = 0,109 do begin
area[i-330,j] = temp[i,j]

endfor
endfor

dummy = fltarr( 12,390,110) 
sum = fltarr(12) 
sum[*] = 0.0

for i = 0,389 do begin
for j = 0,109 do begin

for k = 0,11 do begin
if (table[i j]  ne 5) AND (B[k,i j]  gt 0) then begin 

dummy[k,ij] = B[k,i,j]*area[i,j] 
sum[k]=sum[k]+area[i,j]

endif
endfor

endfor
endfor 

! order = 1
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window, 0 
tvscl, dummy[0,*,*] 
gppm onth = fltarr(12) 
for i = 0,11 do begin
gpp_month[i] = total (dummy [i,*,*])/sum[i]
endfor
close, 1
openw, 1, '/ntsg/divya/final/northem_eurasia_gpp_month89.txf 
printf, 1, transpose(gpp_month) 
close, 1
openw, 1, Vntsg/divya/final/northem eurasia_gpp-month89.dat' 
writeu, 1, dummy 
close, 1 
end

PROGRAM 7
CORRELATION AMONG AVERAGE DURATION OF FROZEN LAND, AVERAGE

AIR TEMPERATURE AND AVERAGE GPP.

pro corre
dummy = fltarr(390,110,5) ;NA = (313,161) 
y = fltarr(390,110) ;air temperature
z = fltarr(390,110) ;GPP

z = z* 1000 ; converting GPP from Kg C/m^/year to g C/m^/year 
X = fltarr(390,l 10) ;frozen—frozen bare ground-1 and frozen snow cover-3
x[*,*] = dummy [*, *, 1 ] +dummy [*, * ,3]
! P.Font = 1
DEVICE, SET FONT = 'Helvetica'
ind=where(y[*,*] ne 0.0 and y[*,*] ne -999.0 and z[*,*] ne -999.0) 
tvlct, 255,255,255,0 
tvlct, 0,0,0,1 
! P.Background = 0
plot, y[ind[*]], z[ind[*]], psym=l,symsize=0.5, color = 1
result = correlate(y[ind[*]],z[ind[*]]) ; done for two variables at a time
xyouts, 0.745,0.87, 'r = ', color=l,charsize=2.0,charthick= 1.5,/normal
xyouts, 0.75,0.87,result, color=l, charsize=2.0,charthick= 1.5,/normal
print, result
end

PROGRAM 8
OBTAIN AIR TEMPERATURE AND GPP DATA FOR THE FROZEN LAND

DURATION CLASSES
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pro class_division
dummy 1 = fltarr(313,161,5) ;NE=(390,110) 
dummy2 = fltarr(313,161) ;air temperature 
dummy3 = fltarr(313,161) ;GPP

x=fltarr(313,161) ;frozen land
= dummyl[*,*,l] + dummy 1 [*,*,3]

;frozen land=frozen bare ground- 1 and frozen snow cover-3.
dummy3[*,*] = dummy3[*,*]* 1000 ;Converting Kg C/m^/year to g C/m^/year
;the bold numbers are the beginning and ending of class 7 of frozen land duration — 
refer Table 3. For each class the numbers in bold change accordingly.
for i = 0, 312 do begin

for j = 0, 160 do begin
if (300 le x[i j])  and (x[i,j] It 350) and (dummy2[i,j] ne 0.0) and 
(dummy2[ij] ne -999.0) and (dummy3[i j]  ne -999.0) then begin 
close, 1
openw, 1, '/ntsg/divya/final/classes/northem_eurasia_temp_class7.txf 
printf, 1, transpose(dummy2[i,j]) 
close, 1 
close, 1
openw, 1, Vntsg/divya/fmal/classes/northem_eurasia_gpp_class7.txf 
printf, 1, transpose(dummy3[ij]) 
close, 1 
endif

endfor
endfor
end
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Monthly Average Frozen Land Area (sq km) of North America and Northern 
Eurasia during the 1988-89 La Nina and 1997-98 El Nino events

N o n -F ro zen  L and  (NFBG) an d  F ro zen  Land (FBG+FSC)
North America Area(Sq km) Non-Frozen Lan Frozen Land98 Non-Frozen Lan Frozen Land89

July 17683689 1755320.95 16376198 3062731.1
Aug 17310694 1949168.5 16789307 2470362.87
Sep 16191700 2709108.07 15978405 2922722.5
Oct 14266348 5240991.5 14664068 4843994.3
Nov 9684587.3 10087913.4 10471946 9312807.7
Dec 6999158 13039825.1 6707234.4 13360100.6
Jan 5111997.3 14269785.2 4826293.5 14441374.7
Feb 5906170.2 13958449.9 4640800.7 14940071.2
Mar 5977576.3 12730819.1 5475997.4 13189261.5
Apr 9505355.5 10612157.4 8101685.3 12014019.6
May 14017342 5568257.9 12065470 7524693
Jun 17470626 2154134.5 15254515 4374504.6

140125243.6 94075931.52 131351920.3 102456643.7
Northern Eurasia Area(Sq. km Non-Frozen Lan Frozen Land98 Non-Frozen Lan Frozen Land89

July 27571815 987171.35 27191056 1356146.74
Aug 28958185 512165.45 28737041 722338 03
Sep 27950263 1303036.46 27573178 1669124.07
Oct 22100232 6987171 22887532 6190030.1
Nov 12534111 16353872.2 11403850 17472885
Dec 6847550.4 22879909.7 6328406.5 23319207.1
Jan 4430281.1 23502649.3 4148730 23754546.3
Feb 5018891.4 23302856 4654592.3 23548225.1
Mar 5923318.8 20974344.3 6763079 20260499.7
Apr 12837131 16730622.9 12037675 17385623.7
May 20784851 8901462.9 20327842 9344948.9
Jun 27155354 2134143.2 25770263 3501447.3

C H I SQUARE TEST

Ho : The distribution at a point of time is homogenous for the two data sets. 
Ha : Reject Ho 
Test Statistic:

r c

X \  =  S i ;  ( O i j - E i / / E i j  
> j

where Oij = observed cell count or frequency 
Eij = expected cell count or frequency

= (row totali)(column totalj)/grand total 
r = number of rows 
c = number of columns 

Rejection Rule : Reject Ho if X^c >X (̂r.|)(c-i),a
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Chi-Square Values for frozen and non-frozen pixels of North America

Average Nui July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
NFBG98 10932 10575 9481 7946 4938 3483 2560 2867 2944 4930 7928 10895 953748
FBG98 1426 1728 2594 3846 5035 4190 2786 2401 2066 1945 1624 1355 371952
FSC98 720 682 667 1358 3301 5747 7765 8066 7516 6570 3632 1002 564312
NFBG89 9688 9943 9340 8170 5303 3269 2288 2200 2584 3969 6428 8839 864252
FBG89 2071 2010 2691 3876 5246 4441 2773 2689 2289 2167 2067 1938 411096
FSC89 1317 1032 711 1104 2730 5722 8000 8322 7631 7308 4691 2477 612540

Chi-Square T est
Observed Values
Frozen Land July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Row Total
1997-1998 2146 2410 3261 5204 8336 9937 10551 10467 9582 8515 5256 2357 78022
1988-1989 3388 3042 3402 4980 7976 10163 10773 11011 9920 9475 6758 4415 85303
Column Tota 5534 5452 6663 10184 16312 20100 21324 21478 19502 17990 12014 6772

Grand T< 163325
Expected Values
Frozen Land July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
1997-1998 2643.648 2604.48 3182.98 4865 7792.407 9602 10187 10260 9316.3021 8594 5739.21 3235.1
1988-1989 2890.352 2847.52 3480.02 5319 8519.593 10498 11137 11218 10185.698 9396 6274.79 3536.9

1997-1998 93 67858 14.5214 1.91228 23.62206 37.92069 11.69 13.029 4.1658 7.5776163 0.72629 40.6835 238.32
1988-1989 85.68269 13.282 1.74906 21.60581 34.68398 10.692 11.917 3.8103 6.9308322 0.66429 37.2109 217,98

934.0529 with df=11

Observed Values
Non-Frozen I July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Row Total
1997-1998 10932 10575 9481 7946 4938 3483 2560 2867 2944 4930 7928 10895 79479
1988-1989 9688 9943 9340 8170 5303 3269 2288 2200 2584 3969 6428 8839 72021
Column Tota 20620 20518 18821 16116 10241 6752 4848 5067 5528 8899 14356 19734

Grand T< 151500
Expected Values
Non-Frozen 1 July Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
1997-1998 10817.54 10764 9873.76 8454.677 5372.571 3542.2 2543.3 2658.2 2900.0654 4668.54 7531.36 10353
1988-1989 9802.462 9753.97 8947.24 7661.323 4868.429 3209.8 2304.7 2408.8 2627.9346 4230.46 6824.64 9381.3

1997-1998 1.211143 3.31951 15.6231 30.60463 35.15106 0.9892 0.1093 16.398 0.6655873 14.6431 20.8895 28.404
1988-1989 1.336561 3.66325 17.2409 33.77384 38.79107 1.0916 0.1206 18.096 0.734511 16.1595 23.0526 31.345

353.4136 With df = 11

Note: NFBG = Non-Frozen Bare Ground 
FBG = Frozen Bare Ground 

NFSC = Non-Frozen Snow Cover 
FSC = Frozen Snow Cover
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Chi-Square Values for frozen and non-frozen pixels of Northern Eurasia

Average nur July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June
NFBG98 16473 17417 16802 12614 6523 3394 2191 2424 2807 6257 11102 15852
FBG98 360 229 636 2658 4043 3690 2314 2066 1963 1360 887 528
FSC98 422 129 205 2292 6898 10827 12483 12782 11587 10210 5909 1318
NFBG89 16151 17247 16425 13189 5861 3081 2064 2309 3309 5953 10961 14809
FBG89 434 359 1011 2986 4746 3574 2157 2151 1901 1916 1199 876
FSC89 660 158 198 1380 6847 11213 12748 12765 11198 9872 5727 2000

Observed Values
Frozen Land July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June Row Total
1997-1998 782 358 841 4950 10941 14517 14797 14848 13550 11570 6796 1846 95796
1988-1989 1094 517 1209 4366 11593 14787 14905 14916 13099 11788 6926 2876 98076
Column Tota 1876 

Expected Values

875 2050 9316 22534 29304 29702 29764 26649 23358 13722 4722 
Grand T< 193872

Frozen Land July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June
1997-1998 926.9688 432.355 1012.95 4603.22 11134.5 14480 14676 14707 13167.799 11541.7 6780.31 2333.2
1988-1989 949.0312 442.645 1037.05 4712.78 11399.5 14824 15026 15057 13481.201 11816.3 6941.69 2388.8

1997-1998 22.6717 12.7873 29.1875 26.12435 3.362596 0.0961 0.9919 1.3521 11.093524 0.06963 0.0363 101.75
1988-1989 22.14464 12.49 

414.1669 with df 11

28.5089 25.51703 3.284425 0.0939 0.9688 1.3207 10.83563 0.06801 0.03545 99 381

Observed Values
Non-Frozen 1 July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June Row Total
1997-1998 16473 17417 16802 12614 6523 3394 2191 2424 2807 6257 11102 15852 113856
1988-1989 16151 17247 16425 13189 5861 3081 2064 2309 3309 5953 10961 14809 111359
Column Tota 32624 

Expected Values

34664 33227 25803 12384 6475 4255 4733 6116 12210 22063 30661 
Grand T 225215

Non-Frozen 1 July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June
1997-1998 16492.85 17524.2 16797.7 13044.54 6260.652 3273.4 2151.1 2392.7 3091.9046 6172.69 11153.8 15500
1988-1989 16131.15 17139.8 16429.3 12758.46 6123.348 3201.6 2103.9 2340.3 3024.0954 6037.31 10909.2 15161

1997-1998 0.0239 0.65532 0.0011 14.21022 10.99351 4.4436 0.7405 0.4085 26.252632 1.15163 0.24064 7.9721
1988-1989 0.024436 0.67001 0.00113 14.52886 11.24002 4.5432 0.7571 0.4176 26.841294 1.17745 0.24604 8.1509

135.6918 with df 11

Note: NFBG = Non-Frozen Bare Ground 
FBG = Frozen Bare Ground 

NFSC = Non-Frozen Snow Cover 
FSC = Frozen Snow Cover
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