HYDROLOGIC CYCLE AND ROLE OF REMTOE SENSING

#
Introduction


The hydrologic cycle is a continuous process by which water is transported from the oceans to the atmosphere to the land and back to the sea.  Many subcycles exit.  The evaporation of inland water and its subsequent precipitation over land before returning to the ocean is one example.  The driving force for the global water transport system is provided by the sun, which furnishes the energy required for evaporation.  Note that the water quality also changes during passage through the cycle; for example, sea water is converted to fresh water through evaporation.


Space technology in the form of remote sensing can play a useful role in harnessing country’s available water resources for deriving quick and lasting benefits.  There are several areas in the field of water resources wherein remote sensing can find its way for effective applications – particularly in surveying and inventorying.  There is ample scope for application of remote sensing in the assessment of various components of hydrologic cycle, quantification of these components in various environs and fluxes of water through these environs.  Hydrologic processes are dynamic phenomena varying in both time and space.  The advent of remote sensing technology has opened new vistas for the study of various components of  hydrologic cycle and water’s never ending journey cycle through earth and atmosphere in all its three phases and thus for forecasting, evaluation, assessment and management of highly dynamic water resources.  This offers an opportunity to study and obtain solutions for some of the complicated problems in hydrology through its spatial, spectral and temporal attributes, which are difficult to achieve in conventional methods.  Overall, remote sensing can augment the existing methods to a great extent in hydrologic data collection.


In most water resources assessment and management situations, real value of a data acquisition/survey techniques lie in quantification of hydrologic parameters for planning, evaluation, prediction and modelling purposes.  Though at the present moment, space hydrology has not reached to the state of quantitative estimation, it holds potential in that direction.  The status of remote sensing applications to different facets of water resources is in varying stages from technique development stage to operational stage.

Elements of Hydrology & Quantification through Remote Sensing

Precipitation


Water vapour in the atmosphere and some mechanism to cool the air sufficiently to cause condensation and droplet growth are the necessary  factors in the formation of precipitation.  The large scale cooling needed for significant amounts of precipitation is achieved by lifting the air.  This is apart from the effects of condensation nucleic which are usually present in the atmosphere in adequate quantity.  Precipitation can be categorized according to the factor responsible for the lifting.  Cyclonic precipitation results from the lifting of air converging into a low pressure area, or cyclone.  Convective precipitation is caused by the natural rising of warmer, lighter air in colder, denser surroundings.  The differences in temperature may result even from mechanical lifting when the air is forced to pass over a denser, colder air mass or over a mountain barrier; resulting in orographic precipitation.  The effects of these various types of cooling are often inter-related, and the resulting precipitation can not be identified or being of any one type.  Frontal precipitation occurs when two air masses due to  contrasting temperature and density clash with each other.  The surface of contact on front is called “Cold Front” or “Warm Front’ according to the dominating air mass.  In “occluded front” both are balanced.

Form of Precipitation

Drizzle :
A light steady rain in fine drops (0.5mm) and intensity less than 1 mm/hours.

Rain     :
The condensed water vapour of the atmosphere falling drops less                                                 than 0.5 mm (6mm) from clouds.

Glaze    :
Freezing of drizzle or rain when they come in contact with cold objects.

Sleet     :
Frozen rain drops while falling through air at sub-freezing temperature.

Snow    :
Ice crystals resulting from sublimation.

Snow Flakes: Ice crystals fused currents.

Hail       :
Small lumps of ice formed by alternate freezing and melting, when they are carried up and down in highly turbulent air currents.

Dew       :
Moisture condensed from the atmosphere in small drops upon cool surfaces.

Frost      :
A feathery deposit of ice formed on the ground or on the surface exposed objects by dew or water vapour that has frozen.

Measurement of Precipitation


Rainfall  is measured by a network of raingauges which may be recording or non-recording type.  In India the most common non-recording type raingauge is the Symon’s raingauge.  The rainfall is measured everyday at 0830 hours IST.    The sum total of all the measurements during the previous 24 hours is entered as the rainfall of the day.  Symon’s raingauge does not give intensity and duration of rainfall during different interval of the day.


Self-recording type has an automatic mechanical arrangement consisting of a clock work, a drum with a graph paper fixed around it and a pencil point which draws the main curve of rainfall, from which, depth and the rate of intensity of rainfall at any instant can be determined.  Automatic radio reporting raingauge similar to tipping type one used for inaccessible mountainous areas.


Radar signals reflected by rain drops are helpful in determining the magnitude of storm precipitation and its area distribution.  It is usually used to supplement data obtained from a network of rain gauge.


Satellite data used in combination with weather radar form a powerful combination for watching the development of weather systems tracking their movements and measuring the precipitation associated with them.  Satellite, imagery allow rain clouds outside the radar coverage to be identified and included in the forecast, thus enabling the forecaster to examine the relationship between the rain at the surface and the cloud above.


The wavelengths most commonly used for rainfall studies are:

· Visible (VIS)

: 0.5 – 0.7 (m

· Infrared (IR)

: 3.4 – 4.2 (m

· Microwave (MW)
: 0.81 – 1.55 cm


The physical basis of estimating rainfall from visible and IR images is explained as : high brightness implies large cloud thickness, that implies greater probability of rain, and low temperature implies high cloud tops that means large thickness and greater probability of rain.  Therefore rain bearing clouds can be distinguished on the basis of brightness characteristics in VIS images or temperature characteristics in IR images and brightness of a precipitating cloud is a measure of rainfall intensity.  The rain is most certain in clouds that are both bright and cold.  Visible and IR together resolve ambiguities in cloud type recognition based on either type of data alone.  Microwave data have been shown to reveal rain areas embedded in the clouds most obvious over oceans.  The experience shows that varying degree of success has been obtained in the studies on the above.  Perhaps the best approach involves combinations of  multispectral data.  Passive microwave data are already proved better than visible and infrared over oceans while the latter two give better results over land.


Presently  for operational use, the best suited satellite rainfall monitoring methods integrate satellite data with evidences of rainfall from surface stations to give estimates superior to those from either type of information alone.  Satellite data are often used to fill gaps in the conventional data network.


The cloud indexing techniques are more flexible and are widely used.  They have yielded most results in support of continuous operational rainfall monitoring programme.  They can be tailor made to suit local needs and to provide information  in near real-time if required.  Presently use of approaches varies from region to region.  Over land, geostationary techniques of life history, bispectral and cloud model methods are applicable in low to middle latitudes while polar-orbiting techniques of cloud-indexing and rainfall climatology are applied in middle to high latitudes and where geostationary data are unavailable.  Interactive approaches are being attempted in U.K. , USA and France to achieve optimal integrations of data from radars, raingauges and satellites.

Snow


Snow is a deposit of ice crystals, in many ways analogous to soil, except that snow may undergo rapid changes in its crystal structure.  Snow depth measurements, serve many purposes but have limited use in quantitative hydrology because of variation in “snow density”, the ratio between the volumes of melt water derived from a sample of snow and the initial volume of the sample.  The water equivalent of the snow pack, i.e. the depth of water which would result from melting, is dependent on the snow density as well as its depth.  Water equivalent is usually determined by sampling with a snow tube.


The snow covered watersheds in Himalayas are very large varying from about 2000 to 20,000 sq.mile.  They are situated at very high altitude of 8000 to 20,000 ft.  They are not easily accessible and are hazardous; therefore practically no reliable data is available about the snowfall conditions; snow pack characteristics, temperature etc.   Snow depth vary widely from a few inches to many feet within short distances and hence depth measurements have no meaningful use.  Determining water equivalent is a very formidable task considering the heterogeneous nature of the snow cover in the Himalayas.  Aerial surveys are expensive and hazardous.  Consequently, satellite imagery becomes the main tool in forecasting and simulation of snow-melt runoff.

Spectral Characteristics of Snow


Snow is a very distinctive feature that can be detected readily with a variety of remote sensing techniques.  Various wavelength bands are sensitive to differing snow properties, therefore, careful consideration has to be made of the observational capabilities of each region of the electromagnetic spectrum to determine snow:

	· Visible
	Strong reflectivity contrast between snow and non-snows areas, which facilitates the mapping of areas covered by snow.

For example : large contrast appears very distinctive in LANDSAT band 4 and band 5, with the latter band being preferable because of less atmospheric disturbance.



	· Near Infrared
	Near infrared bands (for example, LANDSAT band 5 and 7) do not possess such strong snow reflectivity noted in these bands can be traced to the occurrence of surface melting, which is important for runoff or breakup forecasting.



	· Middle
	From the visible to near infrared to middle infrared region, the reflectance of snow falls drastically until it is less than that of surrounding non-snow surfaces and, more importantly, much less than cloud reflectance.

The advantage here is the potential for automatic discrimination of snow and cloud, which can significantly improve the determination of snow covered area.

Multi-spectral scanner data obtained from the SKYLAB satellite showed for the first time that snow and clouds could be easily differentiated in the middle-infrared region, particularly the 1.55 to 1.75 and 2.10 to 2.35 micrometer wavelength bands.  The same two middle IR bands are now available in LANDSAT Thematic Mapper.





In the summary, in the visible, near-infrared and thermal infrared images, spectral discrimination between snow and clouds is not possible, while in the middle infrared it is.

	· Thermal
	Observations of the snow-pack in the thermal band can be used to delineate the area covered by snow because of the temperature contrast with the snow free areas.

Temperature of the snowpack can never rise above 0o C.  This can be used to identify when the snowpack surface reaches 0oC could possibly be melting.




Evapotranspiration


It is combined effect of evaporation and transpiration.  It is the total loss of water from a cropped land due to evaporation (water vapourization from the soil and plant leaves, and due to transpiration escaping of water vapour from plant leaves in to atmosphere) by the plants in building up of plant leaves.  It is expressed as a depth.


Remote sensing offers a method of obtaining a record of the spatial variability of surface conditions controlling the vapourization process, as well as detecting disease and moisture stress in vegetation which effect the transpiration process.  The exchange processes of evaporation and ET play a vital role in hydrological cycle and influence agriculture greatly.  As regarding remote sensing applications little progress has been made.  Monitoring evaporation and ET using remote sensing is the challenging of all the applications of remote sensing to hydrometeorology.  No widely acceptable satellite monitoring method has yet emerged because of the complexities involved in these processes.

However, the most promising approach to evaporation monitoring via satellites is based on the thermal inertia properties of soil which are functions of diurnal changes in surface temperature.  These changes are governed by i) radiation budget-related to the external environment of the soil; can be modelled and evaluated with or without remote sensing and ii) thermal inertia-related to the internal characteristics of the soil; can be assessed from thermal infrared imagery.  Thermal inertia increases with increase in soil moisture.  As the thermal inertia of unsaturated soils is influenced greatly by soil porosity and water content and that any soil experiencing a diurnal thermal inertia cycle is closely related to its porosity.


Most of the models that exploit satellite data for the computation of ET use a form of energy balance equation which incorporates the canopy-air differential in an aerodynamic expression of sensible heat flux.  A general form of the equation is


ET
=
Rn – G – F (u) C (Tc – T a)

Where,


ET
=
evapotranspiration flux, W m-2

Rn
=
net radiation, W m-2

G
=
soil heat flux, W m-2

f (u)
=
function of wind speed


C
=
volumetric heat capacity of air, J kg-1  k-1


Tc
=
land canopy temerature C and


Ta
=
air temperature C (at some height above the canopy)


Key variables which can be monitored by satellite include Rn, Tc and Ta.  The estimates of Et obtained using remotely sensed canopy temperatures represent instantaneous ET values.  Daily values of ET are then realized by modelling and latent and sensible heat fluxes in the soil-plant-atmosphere system.  In estimating ET using energy balance equation, few relations of temperature differences to ET have been proposed relating midday surface air temperature differences linearly to 24 hr ET and net radiation values.


Remotely sensed thermal images essentially relate to the temperature of the surface vegetation covered or bare soil conditions.  As mentioned earlier, regional ET can be estimated using the surface temperature and surface reflectance both of which can be measured with scanning radiometers from aircrafts and satellites.


It is also recognized that the ET performance of a crop or vegetation area changes through the growing season.  Visible and near infrared sensors channels provide the capability on synoptic scale to monitor the progress of vegetation.  Leaf area indices (La/s relate the leaf area of a crop to the area of the ground on which it grows) evaluated from satellite data are being used to account for these seasonal effects.  Vegetative indices (VI and NDVI) are obtained using satellite data can be related to crop coefficients for use in the ET models in the present stage of development, the various ET methods are not purely based on remote sensing input but still rely on inputs of ground based meteorological observations like air humidity and horizontal wind velocity.  Future research will be needed to evaluate how locality-independent meteorological data might be used in these approaches.

Runoff 


When a storm occurs, a portion of rainfall infiltrates into the ground and some portion may evaporate.  The rest flows as a thin sheet of water over the land surface which is termed as overland flow. If there is a relatively impermeable stratum in the subsoil, the infiltrating water moves laterally in the sur​face soil land joins the stream flow which is termed as underflow (subsurface flow) or interflow.  If there is no impeding layer in the subsoil the infiltrating water percolates into the ground as deep seepage and builds up the ground water table (G.W.T. or phreatic surface).  The ground water may also contribute to the stream, creating a hydraulic gradient towards the stream.  Low soil permeability favours overland flow.  While all the three types of flow contribute to the stream flow, it is the overland flow which reaches first the stream channel, the interflow being slower reaches after a few hours and the ground water flow being the slowest reaches the stream channel after some days.  The term direct runoff is used to include the overland flow and the inter​flow. If the snow melt contributes to the stream flow it can be included with the direct runoff.     

     Direct surface flow can be analysed for relatively large drainage areas by the unit hydrograph method and for smaller areas by overland flow analysis.  The direct runoff results from the occurrence of an immediately preceding storm while the ground water contribution, which takes days or months to reach the stream, in all probability has no direct relation with the immediately preceding storm.  The ground water flow into the stream would have continued even if there had been no storm immediately proceeding.  It is for this reason it is termed as base flow in hydrograph analysis.

     When the overland flow starts (due to a storm) some flowing water is held in puddles, pits and small ponds; this water stored is called depression storage.  The volume of water in transit in the overland flow which has not yet reached the stream channel is called surface detention or detention storage.  The portion of runoff in a rising flood in a stream which is absorbed by the permeable boundaries of the stream above the normal phreatic surface is called bank storage.

Methods for Estimation of Runoff


Accurate prediction of runoff is difficult as it depends upon several factors.  The following methods evolved after field experience and observations are generally used in soil and water conservation for estimating the rate or the maximum rate of runoff that could occur from a particular catchment.

I. Rational Method :

 
 In this method, the peak rate of runoff is given by the equation.

                          1

               Q  =   -----  C.I.A. in metric units                             ……………………. (4)

                         360 

                  =  C.I.A. in English system of units                        ……………………..(5)

where,

               Q  =  peak rate of runoff

                     (cubic metres per second or cubic feet per second)

               I  =  Intensity of rainfall (mm/hr or in/hr) for a duration equal to the time of 


Concentration and for the given frequency

               C  =  runoff coefficient, and

               A  =   area of the catchment (hectares or acres).

The Curve Number Method

This method, also known as the Hydrologic Soil Cover Complex Number method, is based on the recharge capacity of the water​shed.  The recharge capacity is determined by antecedent moisture conditions and by the physical characteristics of the watershed.


Let Ia  be the initial quantity of interception, depression storage and infiltration that must be satisfied by any rainfall before runoff can occur.  It is assumed that the ratio of the direct runoff Q and the rainfall minus the initial loss P-Ia and the storage capacity S are related by 

               Q      
 
 P-Q-Ia
            ------  
=  
--------                                                …………………….. (7)

            P - Ia        
     S

Ia is assumed to be a fraction of S.  For example if  Ia = 0.2S, then

                

(P - 0.2S)2


Q  =  ------------                                         ………………………… (8)

                 

P + 0.8S

Knowing P and S the value of Q can be calculated. Q has the same units of P.


The curve number as defined by the U.S.  Soil Conservation Service (1964) is given by 


                   1000

          CN  =  
     --------                                                   ………………………… (9)

                  
     10 + S

Soil Moisture


Soil moisture is the greatest single parameter that consistently causes trouble in river level forecasts.  A saturated soil will absorb no rainfall but will permit high runoff, and conversely a dry soil depending on the rainfall intensity will usually absorb a great amount of rainfall and permit little, if any, runoff.


Measurements of soil moisture over large areas are rare.  Point sampling methods of soil moisture are the conventional approach.  But these techniques, including neutron probes, cannot furnish synoptic coverage of an area except a prohibitive expense.  Nor does point sampling provide the broad picture of how moisture infiltrates and migrates within a given soil type.  Air photographs of areas recently wetted by rain do reveal moisture patterns because the reflectance of a wetted soil is always lower (hence the soil appear darker).  Infrared, black and white and IR colour films are commonly used for mapping soil moisture variations.  Nevertheless the need for soil moisture data again cannot be met by aircraft flights, because the changes in soil moisture are far too dynamic, requiring a great number of costly aircraft flights.  Satellites, preferably orbiting so as to produce daily information, are probably the most suitable means for acquiring regional soil moisture data.  But the spectral response of the vegetation will in many cases obscure that form the soil.  Here there are the difficulties of distinguishing newly ploughed soil from wet unploughed soil, separating natural areas from ones that have been planted and accounting for the variations in soil types from place to place, before soil moisture can be accurately and routinely sensed from satellites.


Nearly all portions of the electromagnetic spectrum (EMS) in which emission, reflection and transmission take place are sensitive to soil moisture variations.  Passive and active microwave and thermal IR have potential as soil moisture assessment techniques.  Where temperature and soil moisture are clearly related, thermal IR can be very effective provided the vegetation cover is not dense.  The scattering effect of vegetation and of irregular surfaces is also a formidable problem to overcome in the use of passive and active microwave sensors.


Electromagnetic properties that are to be considered in various wavelength regions for remote sensing of soil moisture are tabulated below:

Electromagnetic Properties for Remote Sensing of Soil Moisture

	S.No
	Wavelength Region
	Important property (ies)

	1. 
	Reflected visible and infrared (0.3-3.0 (m)
	Reflectance/index of refraction

	2. 
	Thermal infrared (10-12 (m)
	Temperature

	3. 
	Active microwave (1-50 cm)
	Backscatter coefficient/dielectric properties

	4. 
	Passive microwave (1-50 cm)
	Microwave emission/dielectric properties and temperature


Summary


Increasing knowledge about the processes responsible for global climatic changes show that the physical component of the earth system are intimately physical interwoven with both the global chemical cycles and biosphere.  During the last decades there has been a growing awareness of the importance of hydrological land surface processes in global changes models.  The interest of the scientific community in global change has resulted in an increased awareness of hydrological science as opposed to water resources, and also in several new initiatives that are likely to change remote sensing and hydrology in future. 


There are many new and exciting observations of the hydrological cycle that are going to be available from new satellite systems, and further new models to allow the data to be used quantitatively in physical interpretations.


The availability of frequent data on a relatively large scale allows specific water resources problems to be monitored through various seasons and even from year to year.  Future development of new and imposed sensors and data handling procedures will only make the remote sensing approach more attractive and more useful.  Undoubtedly, new applications will be developed and perfected as new instruments and new types of data become available.


While hydrologic remote sensing has made considerable progress, still more remains to be done to operationalised remote sensing applications.  Sustained efforts in consolidating results obtained so far and in developing operational methodology packages are needed.  Many studies have also been isolated in nature, and as engineers we prefer to work from whole to part rather than in reverse.  The need for the day may be formulation of national project on river basin development in which all aspects of water resources management could be integrated using remote sensing techniques (and ground methods) to develop operational methodologies, and to integrate such procedures in day-to-day working of water resources organisations.  Remotely sensed data should not be exotic tools to water resources scientists and engineers.  Unless satellite/aircraft sensed data are used for everyday problems and by every one in the organisational set-up, no real break through can be achieved.  Remote sensing techniques should be routinely used in feasibility/reconnaissance investigations by water resources organisations.  Monitoring of water projects in terms of adverse impacts is also another area requiring use of remote sensing techniques.
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