Water-short year analysis
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Feb 18, 2011, revised  Mar 7, 2011; edited Jul 21, 2011
This note reviews the procedure used by the U.S. Bureau of Reclamation (BOR) to determine whether a year is water-short.

The BOR projects Harlan County reservoir content to the end of June in the preceding months, beginning in October.  Part of the projected reservoir content is retained, and the remainder is the projected volume available to be released for irrigation.  The criterion for a water-short year is a projected irrigation release that is less than 119,000 acre-feet.  An examination of the procedure shows that the water-short year threshold is uniquely determined by a projected reservoir elevation of 1944.2 ft, which corresponds to a content of 295,411 ac-ft., or 89 percent of content at the top of the irrigation pool (314,111 af).
A modified version of the BOR procedure is compared in which the projection is assumed to be applied at the end of the month, so that reservoir content is projected only for future months and not for the current month.  The original BOR procedure and the modified version were applied to water years 1960-2010.  Projections are compared for months Oct-May.  The original procedure determined that 16 of the 51 years were water-short; the modified version found 15 years to be water-short.  The equivalence of the determination based on either projected irrigation release or reservoir content is demonstrated.

[backup data: file Harlan_data.xls in i:\gw\rrca\data\reservoirs\Harlan sheet HC_JunElevs1990-2009]

Projecting reservoir content through the end of May

In each month of a given water year, the BOR method begins with the ending reservoir content in the preceding month.  Reservoir content is then projected for the current and succeeding months through the end of May based on assumed monthly inflow and evaporation, listed in Table 1. The projection is refined in succeeding months by substituting actual reservoir content for projected content.
This procedure assumes that reservoir content is not known for the current month and must be estimated.  However, if the projection is made at the end of the month, then the ending content for current month is known, so that inflow and evaporation estimates are required only for the future months.  If the final determination is made at the end of May, then it can be made using the actual reservoir content.
Retained content

The projected content at end of May is partitioned into projected volume released for irrigation and a retained component.  These components vary with the projected reservoir content, expressed as a percent of the irrigation pool (150 KAF) + the top 20 KAF of the sediment pool, referred to here as the expanded irrigation pool.  The projected content as a percent of this pool is given by 
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, limited by the range [144111, 314111] acre-feet.

Fig. 1 shows Harlan County reservoir pool allocation volumes and elevations.  At or below a projected content of 144,111 af, no water is available for irrigation, and all projected content is retained.  As projected content increases above 144,111 af, an additional volume volume,r, is retained that reaches a maximum of 40,000 acre-feet at a projected reservoir content of 314,111 af, which corresponds to the top of the irrigation pool.  The additional retained volume, r, is expressed as a piecewise-linear function with coordinates (p,r) at (0,0), (60, 12000) and (100, 40000).  That is, if p < 60, then r = 200p, else r = 12000 + 700(p-60).

Table 1.  Monthly inflow and evaporation used by BOR to project reservoir content at the end of May.

	Month
	1993 Level AVE inflow
	1993 Level AVE evap

	Oct
	6.3
	2.2

	Nov
	5
	1.3

	Dec
	4.7
	0.5

	Jan
	4.5
	0.6

	Feb
	8.8
	0.8

	Mar
	14.1
	1.5

	Apr
	13
	2.7

	May
	17.2
	3.2

	Jun
	30.6
	3.9

	Jul
	11
	5.2

	Aug
	6.2
	4.1

	Sep
	5.4
	2.7

	Sum
	126.8
	28.7


The total content retained is 144,111 + r(p), which reaches a maximum of 184,111 af at p = 100 pct, or 20 KAF above the sediment pool.  The limits on the range of additional retained volume, r, might be interpreted to mean that, under low-inflow conditions, the irrigation pool is allowed to borrow 20 KAF from the sediment pool that is eventually paid back under high-inflow conditions.  

Projected irrigation release

The projected irrigation release volume is given by the difference between projected content and the retained volume.  The year is then defined as water-short if the projected irrigation release volume is less than 119,000 acre-feet.

Table 2, below, shows how a range of projected reservoir content is partitioned into retained content and projected irrigation release.  Fig. 2 plots the variable component of retained content, r(p) and projected irrigation release against projected content as a percent of the extended irrigation pool, p(V).  Fig. 2 also shows projected irrigation release as a fraction of reservoir content (column I in T. 2), and identifies the water-short year threshold for projected irrigation release.

Water-short year threshold

The water-short threshold is a projected irrigation release of 119,000 acre-feet.  This value is determined uniquely by a projected reservoir content of 295,411 acre-feet, or 89 percent of the expanded irrigation pool, at a forebay elevation of 1944.2 feet.  At the threshold, the projected irrigation release is 40.28 percent of reservoir content (col. i, Table 2).
Table 2.  Range of values for projected reservoir content partitioned into retained volume and projected irrigation release.

	notes
	Resv content V af
	Lake elev, ft
	Irrig pool* content  max (0, V - 144111) af
	Irrig pool* content p(V), pct
	Add’l retained volume, r(p) (af)
	total retained volume, Vr af
	irrig. release   Vi = V - Vr
	release fraction Vi/V

	Col: a
	b
	c
	d
	e
	f
	g
	h
	i

	record min (May 2004):
	130433
	1928.6
	0
	0
	0
	130433
	0
	0

	 
	144111
	1930.2
	0
	0
	0
	144111
	0
	0

	 
	145811
	1930.4
	1700
	1
	200
	144311
	1500
	0.0103

	top of sediment pool
	164111
	1932.5
	20000
	11.76
	2353
	146464
	17647
	0.1075

	 
	246111
	1940.3
	102000
	60
	12000
	156111
	90000
	0.3657

	 
	247811
	1940.4
	103700
	61
	12700
	156811
	91000
	0.3672

	water-short threshold:
	295411
	1944.2
	151300
	89
	32300
	176411
	119000
	0.4028

	 
	314111
	1945.7
	170000
	100
	40000
	184111
	130000
	0.4139

	record max (Apr 1960):
	505800
	1958.2
	361689
	100
	40000
	184111
	321689
	0.6360


(*) irrigation pool + 20 KAF.  [range a1:i11 in sheet T.2]
BOR procedure applied for years 1960-2010

Projected irrigation release from Harlan County Reservoir at the end of May according to the BOR procedure was calculated for months Oct-May for water years 1960-2010; calculations are in Excel file Harlan_data.xls.
T. 3 summarizes the number of years in the period 1960-2010 that were water-short, based on either projected reservoir volume or irrigation release thresholds.  It also summarizes the number of water-short years as a percent of 51 years (1960-2010), and the percent of water-short determinations that were correct in each month Oct-May.

T. 3 shows that a water-short year occurs about once every three years.  The number of years predicted to be water-short was consistently greater in the months preceding the final determination, with a maximum of 24 in November and December.  In these months, the water-short prediction was wrong in eight of the years, or 33 percent of the time.
T. 3. Number of years determined to be water-short based on projected reservoir volume and irrigation release, and percent of early projections that agreed with final determination as water-short.

	criterion
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May

	resv. vol. (yrs)
	22
	24
	24
	22
	21
	20
	17
	16

	irrig. rel. (yrs)
	22
	24
	24
	22
	21
	20
	17
	16

	pct ws yrs
	43
	47
	47
	43
	41
	39
	33
	31

	pct yrs correct
	73
	67
	67
	73
	76
	80
	94
	100


 [in sheet projected_irrig_release_BOR, a69:i73]
Tables 4a and 4b summarize the status of water years 1960-2010, and also how well the water-short test performs in the months Oct-Apr preceding the final test in May.  Based on the conditions defined in T.4a, T. 4b shows that 16 years were found to be water-short and 35 years were not.  For water-short years, the test was very accurate for the preceding months, with only one incorrect prediction in Oct, March and April.  For the non-water-short years, predictions in preceding months were incorrect in up to eight years, or 33 percent of the time.
T. 4a.  Key to conditions for months Oct-May in water years 1960-2010

	key:
	1
	ws at end of May; correct projection

	
	-1
	ws at end of May; incorrect projection

	
	2
	not ws at end of May; correct projection

	
	-2
	not ws at end of May; incorrect projection


[range v1:ac4 in sheet projected_irrig_release_BOR]
T. 4b. Number of years predicted water-short (correctly: 1, incorrectly: -1) or not water-short (correctly: 2, incorrectly: -2)

	code
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May

	1
	15
	16
	16
	16
	16
	15
	15
	16

	-1
	1
	0
	0
	0
	0
	1
	1
	0

	2
	28
	27
	27
	29
	30
	30
	33
	35

	-2
	7
	8
	8
	6
	5
	5
	2
	0


[range u62:ac66 in sheet projected_irrig_release_BOR]

Table 5a compares projected reservoir content with actual reservoir content at the end of May.  Table 5b shows the corresponding statistics for how well early projections of irrigation release volume agree with the final projection.

T. 5a. Mean and standard deviation of error compared with actual reservoir content at end of May.

	Month
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May

	mean error af
	1,801
	-1,957
	-2,478
	-1,208
	1,295
	2,852
	6,259
	3,604

	std deviation af
	40,004
	37,134
	33,280
	31,835
	31,391
	28,366
	28,915
	16,196


[range o63:w65 in sheet proj_content_end_of_May_BOR]
T. 5b. Mean and standard deviation of agreement with final projection of irrigation release volume (af).

	Month
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr

	mean error af
	-782
	-3,793
	-4,408
	-3,313
	-1,137
	223
	2,844

	std deviation af
	32,136
	28,652
	24,413
	23,078
	23,143
	18,885
	15,782


[range ad63:ak65 in sheet projected_irrig_release_BOR]
Modified BOR water-short calculation for years 1960-2010
In each month Oct-May, the BOR method estimates content at end of month based on historical content at end of preceding month plus estimated inflow minus estimated evaporation.  This method was modified by replacing the estimated content at end of month with historical content at end of month; otherwise, calculations are the same.
Tables 6 and 7 summarize the predictions using the modified BOR procedure.  T. 6 shows the number of years determined to be water-short using either projected reservoir volume or irrigation release thresholds; 15 years were determined to be water-short compared to 16 with the original BOR procedure.

T.7a shows mean and standard deviation of predicted reservoir content.  Comparison with T.5a shows that the modified method simply shifts the errors back one month.  T.7b, the corresponding statistics for how well early projections of irrigation release volume agree with the final projection, suggests that the December prediction has the least bias, with a mean error of only 15 af, although T.6 shows that the December projection of 22 water-short years was wrong in seven of those years.

Fig. 4 also identifies water-short years as those points along either May reservoir content or projected irrigation volume that fall below the threshold lines.
T. 6. Number of years determined to be water-short based on projected reservoir volume and irrigation release.

	criterion
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May

	resv. vol. (yrs)
	24
	24
	22
	21
	20
	17
	16
	15

	irrig. rel. (yrs)
	24
	24
	22
	21
	20
	17
	16
	15

	pct yrs ws
	47
	47
	43
	41
	39
	33
	31
	29

	pct yrs correct
	63
	63
	68
	71
	75
	88
	94
	100


[range a69:i73 in sheet projected_irrig_release_mod]
T. 7a. (Modified calculation of water-short years) Mean and standard deviation of error in projected reservoir content (af).

	Month
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr

	mean error af
	-1,957
	-2,478
	-1,208
	1,295
	2,852
	6,259
	3,604

	std deviation af
	37,134
	33,280
	31,835
	31,391
	28,366
	28,915
	16,196


[range o63:v65 in sheet proj_content_end_of_May_mod]

T. 7b. (Modified calculation of water-short years) Mean and standard deviation of agreement with final projection of irrigation release volume (af) in May.

	Month
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr

	mean error af
	-464
	-1,080
	15
	2,191
	3,552
	6,173
	3,328

	std deviation af
	32,477
	28,576
	27,441
	27,380
	24,888
	27,687
	14,998


[range ad63:ak65 in sheet projected_irrig_release_mod]

Fig. 4 shows historical reservoir content and projected volumes retained and to be released for irrigation, based on the modified calculation, for water years 1960-2010.  Water-short thresholds are shown for both projected reservoir volume (295,411 af) and projected irrigation release (119,000 af)
Fig. 5 shows the projected volume to be released for irrigation as calculated at the end of May, and errors in projected release calculated in preceding months of Oct, Dec, Feb and Apr with respect to the final projection in May.


[image: image2.emf]
Fig. 1.  Harlan County Lake allocations.  [Source: U.S. Army Corps of Engineers]
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Fig. 2.  Relationships of retained volume and projected irrigation release to projected reservoir content as a percent of irrigation pool plus 20 KAF of sediment pool.[sheet proj.cont_vs_proj.release_af at aa28]
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Fig. 3.  Relationships of retained volume and projected irrigation release to projected reservoir content; also projected irrigation release as a fraction of reservoir content (red line, plotted against right axis).  Water-short threshold is uniquely determined by reservoir content (dashed line).  [sheet proj.cont_vs_proj.release_af at a28]
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Fig. 4. [in sheet proj_content_end_of_May_mod at x8]
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Fig. 5. [in sheet proj_content _end_of_May_mod at x40]
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