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Wildfires result in increased runoff with soil burn severity. Burn Area Emergency Response (BAER) teams use soil burn severity to estimate runoff resulting from fires. The increases are calculated as adjusted design flow. Adjusted design flow is the flow increase expected to occur as a result of decreased infiltration and interception following a wildfire. The values also provide an estimate of flooding potential to near-by communities.  

Design Flow Runoff Response

Before an adjusted design flow can be determined, pre-fire design flow must be calculated.  This is the flow expected to occur prior to the fire.  This is the flow responsible for forming present day channel conditions and flows used to estimate proper performance of culverts and other drainage structures.  Design flow estimates have been based on existing gage station information and streams surveyed within or adjacent to the immediate fire area.  These estimates assume pre-fire ground infiltration and ground cover conditions.  

Adjusted design flow is calculated using the same relationships as design flow however runoff response is estimated by assuming an increased runoff commensurate with soil burn severity in terms of recurrence interval.  This recurrence interval estimates the response of the newly burnt landscape to an average annual storm.  Pre-fire, an average rainfall event is associated with the bankfull discharge, which has a recurrence interval of 1.2-1.3 years.  The Basin-Indian Complex Fire is expected to respond to an average rainfall event differently for the low, moderate, and high severity soil burned areas.  It is expected the landscape would respond as if the discharge were associated with a 5, 10, and 25-year event on the coastal side while the inland side of the fire would be a 2, 5, and 10-year event.  The unburned lands within the fire would respond as the unburned lands outside the fire and would have a discharge associated with the average bankfull storm.   Increases in discharge associated with predicted recurrence intervals are prorated across watersheds by soil burn severity to yield post-fire discharge or the adjusted design flow.  The fire has been analyzed at a watershed level of the 6th field watershed (HUC 6).  The watersheds are 180600060202 Big Creek Frontal,

180600060104 Big Sur River, 180600120101 Cachagua Creek, 180600120102 Danish Creek-Carmel River, 180600051104
Horse Creek-Arroyo Seco, 180600060102 Las Piedras Canyon Frontal, 180600060103 Little Sur River, 180600051101 Lost Valley Creek-Arroyo Seco, 180600060201 Partington Creek Frontal, 180600051103 Piney Creek, 180600051106
 Reliz Creek-Arroyo Seco, 180600050602 San Antonio River/Mission Creek, 180600120103
San Clemente Creek-Carmel River, 180600051102 Tassajara Creek-Arroyo Seco, 180600050601 Upper San Antonio River, and 180600051105 Vaqueros Creek-Arroyo Seco. Table 1 displays the amount of burned lands by severity for the affected watersheds.

Table 1 – Approximate Acres in Watersheds Affected by the Basin-Indian Complex Fire
	Watershed Names
	Soil burn severity (acres)
	Total Watershed (acres)

	
	High 
	Moderate
	Low
	Unburned 
	

	Big Creek Frontal
	
	
	
	
	

	Big Sur River
	6553
	15847
	6497
	8507
	37406

	Cachagua Creek
	678
	1052
	814
	27395
	29940

	Danish Creek-Carmel River
	3090
	10642
	5077
	10417
	29227

	Horse Creek-Arroyo Seco
	2301
	4217
	2719
	21346
	35227

	Las Piedras Canyon Frontal
	53
	346
	65
	23080
	23544

	Little Sur River
	3950
	8715
	4760
	8225
	24650

	Lost Valley Creek-Arroyo Seco
	10588
	10345
	2847
	6350
	30130

	Partington Creek Frontal
	1539
	6021
	5337
	8393
	21290

	Piney Creek
	3577
	2914
	931
	29675
	37098

	Reliz Creek-Arroyo Seco
	889
	1052
	815
	35287
	37221

	San Antonio River/Mission Creek
	7274
	7857
	2053
	23353
	40538

	San Clemente Creek-Carmel River
	0.11
	5.76
	0.56
	21096
	21103

	Tassajara Creek-Arroyo Seco
	9793
	12216
	3255
	9963
	35227

	Upper San Antonio River
	3586
	4398
	1736
	16191
	25911

	Vaqueros Creek-Arroyo Seco
	2134
	3959
	1528
	13993
	21616


Stream channel geometry and flow relationships were developed using local tributary streams and USGS gage stations.  Gage stations were investigated to provide information on flow conditions following the Bankfull (BKF), 2.0, 5.0, 10, 25, 50, and 100 year events. 

BAER Hydrologists collected stream data in various watersheds within the fire perimeter using techniques discussed in Harrelson (1994). Staff plate readings were taken at gage sites for bankfull discharge.  Bankfull discharges were determined from station rating curves or USGS flow records.  A protocol modified by McCandless and Evertt (2002) was utilized for field surveys at gage stations.  Modification of the protocol involved surveying only riffle habitats and bed and bank material for most sites was derived from reached-averaged pebble counts and riffle pebble counts.  Stream bank material was not analyzed in this study.

Table 2 - Gage Station Data for Watersheds Affected or Adjacent to the Basin-Indian Complex Fire, 2008
	Gage Station Location
	Drainage Area in m2
	Discharge in cubic feet per second

	
	
	Q BKF
	Q 2.0
	Q 5.0
	Q 10
	Q 25
	Q 50
	Q 100

	USGS 11143000 BIG SUR RIVER NR BIG SUR CA
	46.5
	1110
	2340
	4194
	5251
	6649
	9594
	10700

	USGS 11142800 RAT C NR LUCIA CA
	0.82
	4.5
	15
	21
	26
	28
	N/A
	N/A

	USGS 11151870 ARROYO SECO NR GREENFIELD CA
	113
	4325
	6940
	12715
	15451
	19085
	21800
	N/A

	USGS 11149650  SULPHUR SPRINGS CYN NR JOLON CA
	5.16
	35
	132
	289
	362
	372
	N/A
	N/A


NOTE: N/A means no flow record has been recorded that exceeded highest peak flow
Several resistance equations were used in order calculate discharge on ungaged flows. These equations were Manning’s ‘n’ for relative roughness, Manning’s ‘n’ from Jarrett, Manning’s ‘n’ by Rosgen Stream Classification types, Darcy-Weisbach with Leopold, Wolman, and Miller, Darcy-Weisbach with Hey friction factor, and Chezy C. After comparing several resistance equations to the USGS gaging station 11143000, Jarrett’s equation for Manning’s ‘n’ was the most accurate. Jarrett’s Equation for Manning’s ‘n’ is listed below.
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Where n=Calculated Manning’s ‘n’, S=bankfull slope, and R=hydraulic radius
Once Mannings ‘n’ value is calculated that value can be inserted into a modified Mannings equation below. The result is a calculated velocity in feet per second.
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Where V=velocity, n=Manning’s ‘n’ from Jarrett’s Equation, R=hydraulic radius, and S=stream gradient
The velocity is then multiplied by the cross sectional area measured at the bankfull stage (average yearly storm event) to calculate discharge in cubic feet per second.

Q = (V)(A)
Where Q=discharge (cfs), V=velocity, and A=cross sectional area.
Using measured values from USGS gaging stations, storm return intervals were created for the 2, 5, 10, 25, 50, and 100-year storm events. Since the fire crossed two different hydrophysiographic areas, i.e. change in climate, precipitation, vegetation, bankfull return intervals, two sets of storm return intervals were created.
	Coastal Storm Return Interval Equations
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Where: Q=discharge in cubic feet/second, 
WA=watershed area in square miles



	Inland Storm Return Interval Equations
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Where: Q=discharge in cubic feet/second, 
WA=watershed area in square miles



These values were then multiplied by the area of the watershed by soil burn severity, which includes unburned lands. These values were then added together to provide a predicted post-fire discharge value by each 6th field watershed. Pre-fire discharge was calculated using the bankfull discharge equation. Estimates of pre-fire conditions may be determined off the Discharge Relationship by Watershed Area and Recurrence Interval graphs.  

Figure 1 – Big Sur Storm Return Intervals for coastal watersheds

[image: image16.emf]Big Sur Storm Return Intervals

y = 19.225x

1.2506

y = 27.244x

1.3118

y = 33.75x

1.3146

y = 36.636x

1.3547

y = 5.899x

1.3641

y = 52.363x

1.3571

y = 83.531x

1.2639

1

10

100

1000

10000

100000

0.10 1.00 10.00 100.00

Drainage Area (Square Miles)

Discharge (Cubic Feet per Second)

Q2 Q5 Q10 Q25 Q1.21 Q50 Q100


Figure 2 – Arroyo Seco Storm Return Intervals inland watersheds
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Regression Analysis:

Discharge can be determined from a variety of different methods, including the development of regional curves or the use of regression equations that have been developed for large hydrophysiographic areas. Regional curves are preferred because they use local measured discharge data. Although regional curves developed from a few gaging stations are useful, this analysis method is more accurate when many gaging stations are used. Because there were only four gage sites (Table 2) with records of more than 10 years in the burn area, additional analysis was conducted using regression equations established by the U.S. Geological Survey (Waananen and Crippen, 1977). The rationale is that, if a good correlation could be established between the regional curves and the regression equations, the regression equations could be used to estimate discharge from ungaged streams. 

The regression equations have been developed for six hydrologic regions within the state of California. The regions include: the North Coast Region, Northeast Region, Central Coast Region, Sierra Region, South Coast Region, and the South Lahontan-Colorado Desert Region. These regions generally share the same hydrophysiography (e.g., vegetation type, climate, geology, etc.), but the equations often fail to capture the variability within these large areas. Moreover, at the higher return intervals (e.g., Q50 – Q100), there are fewer data and thus the output values can be skewed. Three of these equations were used as a comparison to the regional curves (Table 3).

Table 3: regression equations for the hydrologic regions used in the Basin Complex BAER analysis (after Waananen and Crippen, 1977). Q = discharge in cubic feet per second, A = area in square miles, p = precipitation in inches, and H = average basin elevation in feet. The number next to the Q denotes the return interval.
	Region
	Equations

	South Coast
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	Central Coast
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	North Coast
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Area, precipitation, and average basin elevation data were derived by using an ArcGIS tool called “Streamstats” developed by the U.S. Geological Survey (http://streamstatsags.cr.usgs.gov/). This tool allows one to quickly delineate the watershed of interest and calculate all the basin characteristics necessary for input into the regression equations.

Sixty-four watersheds ranging in scale from HUC 5 to approximately HUC 8 subwatersheds were analyzed using the equations in Table 3. The results are summarized in Appendix B and include all the discharge calculations for the Q2 to Q100 return intervals. Equations from three hydrophysiographic regions (South Coast, Central Coast, and North Coast) were used to provide a broad comparison, but the central coast equations were assumed to be the most applicable.

To validate the utility of the regression equations, the discharge results were compared to those derived from the regional curves (Table 4). There was reasonably good correlation between Q values derived for the coastal watersheds (e.g., Big Sur River), but poor correlation with Q values derived for the eastern side of the burn area through the Arroyo Seco drainage. The regression equations, on average, underestimate discharge relative to the regional curves. 
Table 4. Comparison of discharge values for local regional curves vs. regression equations for the central coast.
	Gage Station Location
	Method
	Discharge in cubic feet per second

	
	
	Q BKF
	Q 2.0
	Q 5.0
	Q 10
	Q 25
	Q 50
	Q 100

	USGS 11143000 BIG SUR RIVER NR BIG SUR CA
	Local Regional Curve
	1110
	2340
	4194
	5251
	6649
	9594
	10700

	
	Regression 
	N/A
	1246
	3245
	4833
	6935
	8817
	10618

	USGS 11142800 RAT C NR LUCIA CA
	Local Regional Curve
	4.5
	15
	21
	26
	28
	N/A
	N/A

	
	Regression
	N/A
	23.8
	67
	108
	169
	222
	284

	USGS 11151870 ARROYO SECO NR GREENFIELD CA
	Local Regional Curve
	4325
	6940
	12715
	15451
	19085
	21800
	N/A

	
	Regression
	N/A
	1552
	4628
	7398
	11399
	15271
	19049

	USGS 11149650  SULPHUR SPRINGS CYN NR JOLON CA
	Local Regional Curve
	35
	132
	289
	362
	372
	N/A
	N/A

	
	Regression
	N/A
	58
	192
	335
	570
	799
	1063


Note: N/A designation in Table 4 means that there is no regression equation for a bankfull return interval or no flow record has been recorded that exceeded highest peak flow.

Due to the numerous values at risk, it was determined that a conservative estimate of discharge (i.e., higher Q) was more prudent to use for planning, early warning, and treatment objectives. Therefore, it is recommended that the regional curves developed from local gage data be used instead of the regression values. This is further supported by the favorable statistical relationship (R2) derived between bankfull cross-sectional area, discharge, and basin size (Table 5). 
Table 5. R2 values for regional curve parameters measured in the field.

	Related Gage Stations
	Parameters
	R2

	USGS 11143000 BIG SUR RIVER NR BIG SUR CA

USGS 11142800 RAT C NR LUCIA CA
	Bankfull vs. Drainage Area
	0.9872

	
	Discharge vs. Drainage Area
	0.9026

	USGS 11151870 ARROYO SECO NR GREENFIELD CA

USGS 11149650  SULPHUR SPRINGS CYN NR JOLON CA
	Bankfull vs. Drainage Area
	0.8347

	
	Discharge vs. Drainage Area
	0.8962


Table 6 provides estimates of predicted post burn discharges for an average rainfall event (bankfull event) in both cubic feet per second and cubic feet per second per square mile for the watershed affected by the fire. Due to the vegetation recovery and response, these predicted flow rates are expected to last up to 5 years of normal average rainfall.
Table 6 - Pre and Post Fire Discharge for HUC 6 Watersheds by Soil burn severity for the Basin-Indian Complex Fire, 2008
	Watersheds Affected by the Basin-Indian Complex Fire**
	Discharge by Soil Burn Severity in cfs*
	Discharge by Watershed in cfs
	Discharge by Watershed in cfs/Sq.mi.

	Watershed 
	Ws Area Sq.Mi.
	High Severity Burn
	Moderate

Severity
	Low Severity
	Unburned
	Pre-fire
	Post Fire
	Pre-fire flow in cfs/sq. mi.
	Post-fire flow in cfs/sq mi

	Big Creek Frontal
	39.76
	0.02
	0.014
	0.07
	39.53
	897
	893
	23
	22

	Big Sur River
	58.45
	10.24
	24.76
	10.15
	13.29
	1516
	3921
	26
	67

	Cachagua Creek
	46.78
	1.06
	1.64
	1.27
	42.81
	711*
	681*
	15
	15

	Danish Creek-Carmel River
	45.67
	4.83
	16.63
	7.93
	16.28
	684
	1214
	15
	27

	Horse Creek-Arroyo Seco
	47.79
	3.6
	6.59
	4.25
	33.35
	736
	808
	15
	17

	Las Piedras Canyon Frontal
	36.79
	0.08
	0.54
	0.1
	36.06
	684
	802
	19
	22

	Little Sur River
	40.08
	6.17
	13.62
	7.44
	12.85
	906
	2047
	23
	51

	Lost Valley Creek-Arroyo Seco
	47.08
	16.54
	16.16
	4.45
	9.92
	718
	2098
	15
	45

	Partington Creek Frontal
	33.27
	2.4
	9.41
	8.34
	13.11
	703
	1401
	21
	42

	Piney Creek
	57.97
	5.59
	4.55
	1.45
	46.37
	1005
	1135
	17
	20

	Reliz Creek-Arroyo Seco
	58.16
	1.39
	1.4
	0.23
	55.14
	1010*
	999*
	17
	17

	San Antonio River/Mission Creek
	63.34
	11.37
	12.28
	3.21
	36.49
	1159
	1767
	18
	28

	San Clemente Creek-Carmel River
	32.97
	0
	0.01
	0
	32.96
	404
	404
	12
	12

	Tassajara Creek-Arroyo Seco
	55.04
	15.3
	19.09
	5.09
	15.57
	924
	2243
	17
	41

	Upper San Antonio River
	40.49
	5.6
	6.87
	2.71
	25.3
	563
	798
	14
	20

	Vaqueros Creek-Arroyo Seco
	33.78
	3.34
	6.19
	2.39
	21.86
	420
	555
	12
	16

	Arroyo Seco (HUC 5)
	299.81
	45.76
	53.98
	17.86
	182.21
	4813
	7849
	16
	26


* Post fire is less then pre fire indicates no expected increase in water in cfs due to minimal amounts of the over all watershed burning.
Subwatersheds within the HUC 6 watersheds that have values at risk are in Table 7 below. All values are estimated flows for both pre-fire and post-fire.

Table 7 - Pre and Post Fire Discharge for subwatersheds within HUC 6 Watersheds by for the Basin-Indian Complex Fire, 2008
	Subwatersheds Affected by the Basin-Indian Complex Fire
	Discharge by Watershed in cfs
	Discharge by Watershed in cfs/Sq.mi.

	Subwatershed Names within HUC 6 Watersheds
	Ws Area Sq.Mi.
	Pre-fire
	Post Fire
	Pre-fire flow in cfs/sq. mi.
	Post-fire flow in cfs/sq mi

	
	
	
	
	
	

	112 inch culvert on Roosevelt Creek
	2.28
	5
	50
	2
	22

	54 inch culvert on Unnamed Tributary to Arroyo Seco
	0.59
	1
	6
	1
	10

	Arroyo Seco River upstream of Sportsmen Club
	7.23
	35
	78
	5
	11

	Arroyo Seco upstream of Arroyo Seco Resort
	113.14
	2956
	6296
	26
	56

	Arroyo Seco upstream of Piney Creek
	123.11
	3388
	6529
	28
	53

	Arroyo Seco Upstream of Sycamore Flat
	207.87
	3383
	6284
	16
	30

	Bear Canyon - upstream of home
	11.35
	72
	623
	6
	55

	Big Sur River upstream of Pfeiffer-Big Sur State Park
	46
	1094
	3090
	24
	67

	Castro Canyon
	0.5
	2
	6
	5
	11

	Church Creek upstream of Caves
	2.79
	8
	33
	3
	12

	Coleman Canyon - upstream of home
	4.61
	17
	103
	4
	22

	Danish Creek-Carmel River and Cachagua Creek
	92.45
	1395
	1925
	15
	21

	Finch Creek downstream of confluence with Anastasia Canyon above Hastings Reserve
	6.4
	29
	70
	4
	11

	Graves Canyon
	1
	6
	12
	6
	12

	Grimes Canyon
	0.83
	5
	17
	6
	21

	Hot Springs Canyon
	4.2
	42
	126
	10
	30

	Indians Adobe
	0.36
	0.2
	3
	1
	9

	Juan Hiquero Creek
	1.81
	13
	49
	7
	27

	Lafler Canyon
	0.6
	3
	11
	5
	18

	Little Sur River upstream of Boy Scout Camp
	18.18
	308
	842
	17
	46

	Little Sur River upstream of confluence with South Fork - Bridge
	26.5
	516
	1332
	19
	50

	Los Padres Reservoir - everything upstream
	43.96
	643
	1193
	15
	27

	McWay Canyon
	2.54
	21
	70
	8
	28

	Miller Fork Carmel River at Tan Bark
	1.25
	2
	4
	2
	3

	North Fork San Antonio River - Bridge to Avila Ranch
	9.53
	55
	185
	6
	19

	Partington Creek
	3.73
	36
	122
	10
	33

	Pfeiffer-Redwood Creek
	0.93
	5
	22
	6
	24

	Pheneger Creek
	0.81
	4
	15
	6
	18

	Piney Creek above Paloma Creek
	15.88
	124
	419
	8
	26

	San Antonio River-Mission Creek and Upper San Antonio River
	103.83
	1722
	2565
	17
	25

	Santa Lucia Creek
	18.39
	157
	521
	9
	28

	Sierra Creek Culvert
	0.68
	4
	16
	5
	23

	South Fork Little Sur River upstream of confluence with Little Sur - Bridge
	11.36
	162
	344
	14
	30

	Tassajara Creek at Tassajara Hot Springs
	19.92
	179
	698
	9
	35

	Tributary to Arroyo Seco at 19S09
	2.85
	8
	82
	3
	29

	Unnamed Tributary to Arroyo Seco at Santa Lucia Memorial Park
	0.61
	1
	3
	1
	4

	Unnamed Tributary to Church Creek - Road Crossing
	0.88
	1
	10
	1
	11

	Unnamed Tributary to Tassajara Creek at Tassajara Hot Springs
	1.25
	2
	23
	2
	19


Conclusion/Summary

The Basin-Indian Complex Fire affected several watersheds. Each watershed has been analyzed and predicts the increased water yield for that watershed. Table 8 below summarizes each watershed’s increased water yield. Table 9 summarizes subwatersheds with values at risk.
Table 8 – Increased Water Yield for the Watersheds in the Basin-Indian Complex Fire, 2008
	Increased Water Yield by HUC 6 Watershed

	Watershed
	Water Yield (%)

	Big Creek Frontal
	100%

	Big Sur River 
	259%

	Cachagua Creek
	100%

	Danish Creek-Carmel River 
	178%

	Horse Creek-Arroyo Seco
	110%

	Las Piedras Canyon Frontal
	117%

	Little Sur River
	226%

	Lost Valley Creek-Arroyo Seco
	292%

	Partington Creek Frontal
	199%

	Piney Creek
	113%

	Reliz Creek-Arroyo Seco
	100%

	San Antonio River/Mission Creek
	152%

	San Clemente Creek-Carmel River 
	100%

	Tassajara Creek-Arroyo Seco
	243%

	Upper San Antonio River 
	142%

	Vaqueros Creek-Arroyo Seco
	132%

	Arroyo Seco (HUC 5)
	163%


Table 9 – Increased Water Yield for the Subwatersheds within HUC 6 Watersheds in the Basin-Indian Complex Fire, 2008
	Increased Water Yield by Subwatershed within a HUC 6 Watershed

	Subwatershed Name
	Water Yield (%)

	112 inch culvert on Roosevelt Creek
	931%

	54 inch culvert on Unnamed Tributary to Arroyo Seco
	908%

	Arroyo Seco River upstream of Sportsmen Club
	223%

	Arroyo Seco upstream of Arroyo Seco Resort
	213%

	Arroyo Seco upstream of Piney Creek
	193%

	Arroyo Seco Upstream of Sycamore Flat
	186%

	Bear Canyon - upstream of home
	862%

	Big Sur River upstream of Pfeiffer-Big Sur State Park
	282%

	Castro Canyon
	246%

	Church Creek upstream of Caves
	443%

	Coleman Canyon - upstream of home
	612%

	Danish Creek-Carmel River and Cachagua Creek
	138%

	Finch Creek downstream of confluence with Anastasia Canyon above Hastings Reserve
	244%

	Graves Canyon
	209%

	Grimes Canyon
	373%

	Hot Springs Canyon
	302%

	Indians Adobe
	1216%

	Juan Hiquero Creek
	371%

	Lafler Canyon
	374%

	Little Sur River upstream of Boy Scout Camp
	273%

	Little Sur River upstream of confluence with South Fork - Bridge
	258%

	Los Padres Reservoir - everything upstream
	186%

	McWay Canyon
	333%

	Miller Fork Carmel River at Tan Bark
	185%

	North Fork San Antonio River - Bridge to Avila Ranch
	339%

	Partington Creek
	343%

	Pfeiffer-Redwood Creek
	413%

	Pheneger Creek
	330%

	Piney Creek above Paloma Creek
	337%

	San Antonio River-Mission Creek and Upper San Antonio River
	149%

	Santa Lucia Creek
	331%

	Sierra Creek Culvert
	445%

	South Fork Little Sur River upstream of confluence with Little Sur - Bridge
	212%

	Tassajara Creek at Tassajara Hot Springs
	390%

	Tributary to Arroyo Seco at 19S09
	1056%

	Unnamed Tributary to Arroyo Seco at Santa Lucia Memorial Park
	421%

	Unnamed Tributary to Church Creek - Road Crossing
	855%

	Unnamed Tributary to Tassajara Creek at Tassajara Hot Springs
	1141%


Accelerated runoff is expected to return to normal conditions within 5 years. Each passing year should result in less runoff under normal average rain conditions and normal vegetation regrowth.
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