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Abstract

Available studies on the effects of wildfire on water yield were conducted in small size
watersheds (<10km?) and little is known on the scalability of those findings to large
watersheds. However, the frequency and occurrence of wildfires that burn large watersheds
(>100km?) have been increasing in the last decades, resulting on the need to predict their
impacts on watershed hydrology. The impact of wildfire on watershed annual water yield is
constrained by a complex interaction among several processes, which include hydrologic,
geologic, ecologic, climatic alterations. This study investigates short- and long-term
responses of annual water yield changes due to wildfire in large watersheds within a paired
watershed framework. We, also, propose a new theoretical approach based on the Budyko
framework to predict the change in annual water yield due to wildfires, which was originally
proposed to explore alterations of water and energy balance within burned watersheds.
Long-term responses of annual water yield were predicted by analyzing residuals between
annual water yields measured in the field and estimated with paired watershed regression
models. Paired watershed analyses were applied to 34 pairs between 11 burned watersheds
and 8 unburned watersheds in the Salmon River and Payette River basin (Central Idaho USA),
Yellowstone National Park (Wyoming, USA), and Klamath River basin (California, USA). The
Budyko framework was conducted in 8 burned watersheds for 10 wildfires, were statistically
significant from paired watershed analyses. The Budyko framework was applied both at the
yearly time scale (one point for each year) and as originally developed as time averaged (one
point for pre and one for post-fire period). This study employed (1) a simple linear model
with evaporative index (AET/P) and (2) Fu [1981]’s equation with relative evaporative index
(1-Q/P). Results show that annual water yield generally increases after wildfires that burned
more than 10% of drainage area with negligible and undetectable changes for smaller
burned areas. Exceptions to this trend are for watersheds whose hydrological system is
dominated by baseflows (with large ground water storage) and those whose wildfire mainly
burned short vegetation. Annual water yield tends to return toward pre-fire condition

following the Kuczera’s curve, which is related with changes in water demand following



regrowth or resuccession of burned trees/vegetation. Post-fire annual water yield increased
with burned area, and this correlation was more evident in Mediterranean than in arid
climate regions. Post-fire change in annual water yield increases proportionally with
drainage area in small watersheds, but this relationship is limited in large watersheds.
Results of the Budyko framework show decrease in evapotranspiration rate in most burned
watersheds. Reduction in evapotranspiration results in an increase of annual water yield. On
the other hand, increase in evaporative index was detected in burned watershed where
trees grew quickly during the post-fire period. Climatic conditions can affect the hydrological
response during post-fire. Weather condition is an important factor for estimating the
annual water yield responses against wildfire. Budyko framework shows that wildfire impact
is mitigated under wet weather condition or enhanced under dry weather condition. Results
of paired watershed analysis and Budyko framework show a good agreement that post-fire
annual water yield responses are strongly correlated with changes in evapotranspiration rate

associated with tree mortality or regrowth rate.
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CHAPTER 1: IMPACTS OF WILDFIRES AND BURNED LANDCOVER ON ANNUAL
WATER YIELD IN LARGE WATERSHEDS USING PAIRED WATERSHED ANALYSIS

Abstract

The frequency and occurrence of wildfires in large watersheds (>100 km?) has been
increasing in recent decades. The majority of studies on the effects of wildfire on water yield
have been conducted in small size watersheds (<10 km?) and questions remain regarding
transferability to large watersheds. This study investigates the response of annual water
yield shortly after wildfire and during recovery in large watersheds using a paired-watershed
framework. Long-term responses of annual water yield were studied by analyzing residuals
between annual water yields measured in the field and estimated with paired-watershed
regression models. Analyses were applied to 34 pairs drawn from 11 burned watersheds and
8 unburned watersheds in the Salmon Payette River basins of Central Idaho USA, the
Yellowstone National Park (Wyoming, USA) and Klamath River basin in northern California,
USA. Results show that annual water yield generally increases after wildfires that burned
more than 10% of drainage area with more than 5% of forest suffering permanent mortality.
Conversely, decreases in annual water year were observed for watersheds where permanent
tree mortality was negligible (<5%) and where wildfire mainly burned short vegetation. Post-
fire annual water yield tends to return toward pre-fire condition over time, related to
changes in water demand following regrowth of burned landcover. Post-fire annual water
yield increased with extent of wildfire within the basin. The magnitude of the impact of
wildfire on annual water yield in large watersheds is less than in small watersheds for a given

fraction of basin burned.

Key words: Wildfire, Annual Water Yield, Paired Watershed Analysis, Long-term response,
Size effect



1 Introduction

Wildfires occur more often, and its extent and severity has increased in the western US
(Morgan et al., 2008; Dillon et al., 2011; Dennison et al., 2014). Frequency and extent of
wildfire have increased in North America along with the frequency and severity of droughts
(Dennison et al., 2014; Littell et al., 2016). Exhaustion of soil and atmospheric moisture
enhances the flammability and availability of land surface fuel, which consequently increases
the probability of wildfires (Swetnam and Betancourt, 1998). Wildfire is a key agent for
hydrological and geomorphological processes (Bart and Hope, 2010; Lane et al., 2010; Vieira
et al., 2015; Zhou et al., 2015) and is fundamental for forest ecosystem (Dudgeon, 2000;
Pringle, 2003; Luce et al., 2012; Shakesby et al., 2016) as it re-starts the ecosystem cycle. It
burns forest, killsO animals, and deteriorates stream water quality due to increased inputs of
debris and sediments (Luce et al., 2012; Smith et al., 2012; Moody et al., 2013; Shakesby et
al., 2016). It alters hydrological components such as soil repellency (Scott and Van Wyk,
1990; Martin and Moody, 2001; Varela et al., 2005), evapotranspiration (Helvey, 1980; Wine
and Cadol, 2016), peak time and discharge (Versini et al., 2013; Mahat et al., 2016) and
annual water yield (Berndt, 1971; Helvey, 1980; Martin and Moody, 2001; Bart, 2016;
Hallema et al., 2018).

Altered hydrologic cycle (i.e., evaporation, transpiration, infiltration and precipitation) is the
fundamental cause for post-fire annual water yield changes from pre-fire conditions (Adams
et al., 2012). Previous studies showed that impacts of wildfire on each hydrologic
component are greatly interconnected with climate change, landcover type and/or regrowth
or re-succession of burned landcover processes (Bart and Hope, 2010; Lane et al., 2010;
Vieira et al., 2015; Zhou et al., 2015). Significant amount of reduction in forested area due to
permanent tree mortality following wildfire results in annual water yield increases due to
reduced water demand through vegetation consumption (evapotranspiration). In the long-
term, as re-growing or/and re-generation of burned vegetation occurs, annual water yield is

expected to approach pre-wildfire conditions due to vegetation water demand.



Adequate estimation of annual water yield is essential for sustainable development of both
human society and ecosystems (Bales et al., 2006; Liu et al., 2008); thus, better
understanding about post-fire response of annual water yield is required for proper water
resources management plan. This is much needed in large (>100 km?) and very large (>1,000
km?) watersheds where limited information is available on post-fire response of annual
water yield. Detailed mechanisms of post-fire alterations are well understood from both
numerical modeling and field data analysis in small watersheds. In these watersheds, fire-
induced changes in annual water yield have been associated to burned land cover induced
changes in evapotranspiration rate (Scott, 1993; Hessling, 1999; Lane et al., 2006; Stoof et al.,
2012; Bart and Tague, 2017) caused by tree/vegetation mortality and their regrowth
(Kuczera, 1987; Lane et al., 2010). Mature vegetation and regrowth of young vegetation are
key factors influencing annual water yield (Helvey, 1980; Hibbert, 1983; Brooks et al., 1997),
such that permanent tree mortality after wildfire or their replacement by short vegetation
results in a decrease in water demand. As a result, post-fire annual water yield increases as
reported by Helvey (1980) due to post-fire reduction of evapotranspiration in a burned
watershed in north central Washington. Conversely, fast regrowth may lead to decrease in
annual water yield after wildfire as documented in the Cascade crest, Oregon, after wildfire
burned needle leaf trees (Berndt, 1971). On the other hand, water yield increased due to
decreased infiltration capacity in Los Alamos, New Mexico, whose forest type is mixed with
needle leaf and broad leaf trees such as Ponderosa pine, Douglas-fir, Aspen and Juniper

(Martin and Moody, 2001).

Other studies on the impact of changes of land cover type like timber harvest or agriculture
may provide information on fire-induced water yield response. Bosch and Hewlett (1982)
and (Stednick, 1996) synthesized that the amount of increased annual water yield and
percentage of cover loss by logging are linearly correlated in small experimental watersheds
(<10km?). Here we will test if this also holds for large watersheds, where the evaluation of
the post-fire responses of annual water yield is challenging due to increase complexity of
alterations in hydrologic components (Thanapakpawin et al., 2007; Wei and Zhang, 2010)

and spatial and temporal variability of disturbances (Wilk et al., 2001). Similarly, wildfire as a



disturbance may be affected by more challenging difficulties as logging because large

wildfire may be highly heterogeneous as severity and distribution.

Analysis of the post-fire alterations in the hydrologic cycle is more difficult in large than small
watersheds due to limitations in accurate observations of hydrologic or geologic variables.
Large wildfires have more spatial heterogeneity in terms of wildfire location, burned forest
type and severity than small wildfire resulting in more difficulties in documenting, surveying
and controlling wildfires in large watersheds. Post-fire response of annual water yield can be
misunderstood in large watersheds due to increased complexity and uncertainty of
hydrologic components (Thanapakpawin et al., 2007; Wei and Zhang, 2010). Further, climatic
variability together with burned land cover and vegetation regrowth distributions plays an
important role on post-fire response of annual water yield as the spatial scale of watersheds
gets larger (Hallema et al., 2018; Wine et al., 2018). Consequently, these heterogeneities
may lead to different alterations of the hydrologic cycle in large watersheds compared to
those in small watersheds, such that upscaling our understanding gained from small-scale to

large watersheds may be difficult.

Consequently, impacts of wildfire on annual water yield in large watersheds, whose drainage
area is larger than several hundred square kilometers are getting recently more attention
(Luce et al., 2012; Wine and Cadol, 2016; Hallema et al., 2018), and their findings show
inconsistent post-fire response of annual water yield. Luce et al. (2012) found increase in
post-fire annual water yield in the Middle Fork of the Boise River watershed (A=2,150 km?),
whereas Wine and Cadol (2016) reported statistically insignificant changes in post-fire
annual water yield in the Gila watersheds in New Mexico (A=4,807 km?). Most recently,
Hallema et al. (2018) showed a general increasing trend in post-fire annual water yield from
watersheds whose drainage area ranges from 10 to 100,000 km? using a complex analytical

model with a limitation in terms of engineering simplicity.

The objective of this study is to expand the knowledge of the impact of wildfire on annual
water yield in large watersheds based on measured data. This study examined changes in

annual water yield at the short term after wildfire in large watersheds throughout the



United States by employing paired watershed analysis, which provides data-based
information about post-fire response of annual water yield. It examined the effects of
landcover composition of pre-fire period and permanent tree mortality on post-fire response
in annual water yield. To examine the effect of burned forest type, this study developed a
simple analytical model for the estimation of post-fire response of annual water yield linked
with fractions of pre-fire forested area and post-fire permanently dead forest. It also
assessed long-term behavior of post-fire annual water yield, which is a function of burned
landcover and their regrowth. It also evaluated the effect of spatial scale of burned

watersheds for post-fire response of annual water yield.

2 Study Sites and Data Acquisition
2.1 Study Sites

We selected large wildfire burned watersheds (>100 km?) in the western U.S., as study sites,
considering availability of pre and post discharge records of both burned and nearby
unburned (control) watersheds (Figure 1.1). Burned and control watersheds were
categorized based on a threshold of 10% of burned area of the total drainage area during a
water year. A total of 11 burned watersheds and 8 control watersheds were identified (Table
1.1). Control and burned watersheds were paired considering data availability near the time

of major wildfires (Figure 1.2).

The upper and lower watersheds of the Klamath River basin (NCA; Figure 1.1) are in alpine
highland and Mediterranean climate regions, respectively. Watersheds in the central Idaho
area (CID; Figure 1.1) are in a semi-arid mountain climate region. The Yellowstone National
Park watersheds (YNP; Figure 1.1) are in an alpine highland climate region. NCA is located at
elevation ranges about 150 ~ 4,300m, and CID and YNP are located at elevation rages about
1,000~3,500m (Table 1.1). The study sites are dominated by needle leaf forest (~70%; Figure
1.3; Figure 1.5) and partially covered by shrub and short vegetation (~30%; Figure 1.3; Figure
1.5).



Despite numerous watersheds having gauge data in these areas (Figure 1.1), only a few were
suitable for analysis considering length and continuity of record, particularly around major
fire years, or upstream regulation. In central Idaho, we used basins CIDO, CID1, CID2, CID3,
CID6, CID7, and CIDS8; in Northern California, we used NCAO, NCA1, NCA2, and NCA3; and in
Yellowstone National Park we used YNPO, YNP1, YNP2, YNP5, YNP6, YNP7, and YNP10).

Most of the central Idaho (CIDO, CID1, CID2, CID7, and CID8) watersheds and northern
California (NCAO, NCA1, and NCA3) watersheds and all of the Yellowstone National Park
watersheds were headwater watersheds independent of one another. In central Idaho, CID2
is upstream of CID3, and CID4 and CID5 are upstream of CID6; and in northern California,

NCAO and NCA1 are upstream of NCA2.

¢ GAGESII Wildfires (1984-2014)

[:] Basin Boundaries :] State Borders

|
Figure 1.1 Wildfires between 1984 and 2014 in study sites: NCA (the Klamath River Basin in Oregon-California),
CID (Rocky Mountains in central Idaho) and YNP (the Yellowstone National Park).



Table 1.1 Summary of watersheds and wildfires. Shaded and open rows indicate burned and control
watersheds, respectively. CID4; YNP3, 4, 8 and 9 from Figure 1.1 were excluded due to lack of discharge data
around wildfire year. NCA4 and its downstream watersheds NCA5 and 6 from Figure 1.1 were excluded due to
dam regulation in NCA4. Gauge information is listed in Supplementary Table 1.1.

Water- e Drainage oume Elevation Range (m) cU;::ch(ijve
Site ST;d ng (?(::?) EL (in) Watershed Wildfire Area by
min max min max 2014 (%)
0 13235000 1163.2 1155.2 1148 3213 1164 2862 35.4
1 13237920 874.8 926.6 912 2583 917 2583 34.6
2 13295000 376.4 1896.4 1891 3222 2243 2894 1.7
A 3 13296500 2090.9 1798.3 1798 3288 1859 3072 9.6
o 5 13309220 2696.6 1335.0 1331 2981 1405 2981 49.9
6 13310199 7451.0 926.6 921 3160 921 3014 54.1
7 13310700 853.1 1143.0 1143 2786 1143 2786 89.9
8 13313000 561.9 1419.1 1417 2777 1417 2777 86.7
0 06037500 1126.3 2026.0 2024 2875 2024 2862 67.3
1 06043500 2120.4 1582.0 1581 3420 2090 3021 6.7
2 06186500 2516.1 2374.0 2350 3679 2350 3296 51.1
% 5 13010065 1222.3 2073.1 2070 3121 2070 3121 74.9
g 6 13011500 404.1 2048.3 2043 3071 2465 3071 66.3
7 13011900 851.8 2076.0 2066 3449 2336 3111 5.5
10 06280300 794.0 1894.0 1889 3776 2273 3246 5.1
0 11517500 2047.3 616.8 616 4305 851 2051 1.5
< 1 11519500 1713.6 809.2 805 2596 1598 1674 0.0
O
=4 2 11520500 27502.8 407.1 406 4305 406 2161 4.2
3 11522500 1943.1 148.9 149 2680 149 2337 48.5

2.2 Data Acquisition

2.2.1 Annual Water Yield

Discharge data for annual water yield based on water year from 1950 to 2016 was obtained
from the USGS National Water Information System (USGS NWIS;
http://waterdata.usgs.gov/nwis) (Figure 1.2). Some gauges have missing data for reasons
such as site closure or a damaged gauge. Control and burned watersheds were paired

considering data availability near the time of major wildfires of each burned watershed:


http://waterdata.usgs.gov/nwis

control CID2 with burned CIDO, 1, 6, 7, 8; control CID3 with burned CIDO, 1, 5, 7, 8; control
YNP1, 7, 10 with burned YNPOQ, 2, 5, 6; control NCAQ, 1, 2 with burned NCA3. A total of 34

pairs of watersheds were selected for the paired watershed analysis.
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Figure 1.2 Annual water yield (Q [m3/s]; blue-line) and cumulative percent burned area (F [%]; red-dot) of the
study sites (CID, YNP and NCA). Vertical reference lines indicate major wildfire years. 16.9% of CIDO was burned
in 1989; 16.5% of CID1 was burned in 2006; 20.6% and 15.0% of CID5 was burned in 2000 and 2007; 17.5% and
12.5% of CID6 was burned in 2000 and 2007; 15.8% and 67.9% of CID7 was burned in 1994 and 2007; and 15.9%
and 54.5% of CID8 was burned in 1994 and 2007. 65.9% of YNPO, 40.2% of YNP2, 74.4% of YNP5 and 56.9% of
YNP6 were burned in 1988. 19.8% and 26.9% of NCA3 was burned in 1987 and 2008.
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2.2.2 Historic Wildfire

Historic wildfire extent and event date for wildfires between 1984 and 2014 was obtained

from Monitoring Trends in Burn Severity (MTBS; http://www.mtbs.gov) (Figure 1.1; Figure
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1.2). All wildfire events between 1984 to 2014 were overlapped in GIS, and total burned area

was about 30 to 90% of burned watersheds. Burned area was calculated as the sum of

extents of all wildfires within water year divided by total drainage area (%; km?/km?). We
designated burned watersheds as those exceeding 10% burned area by single fire event.

Control watersheds (CID2, CID3, YNP1, YNP7, YNP10, NCAO, NCA1 and NCA2) experienced


http://www.mtbs.gov/
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burning on less than 1% of the total drainage area by individual wildfires during the study

period, and cumulative burned area from 1984 to 2014 was less than 10% of drainage area.

2.2.3 Landcover Type

We obtained 30 meter resolution National Land Cover Databases (NLCD) for the 1992, 2001,
2006 and 2011 year from the Multi-Resolution Land Characteristics Consortium (MRLC;
http://www.mrlc.gov) (Figure 1.3). Because landcover data is not available in every year,

wildfires that occurred in 1987, 1988, 1989, 1994, 2000, 2007 and 2008 do not have

landcover data immediately before the fire.

NLCD 1992 Land Cover Classification Legend
- 11 Open Water
| 12 Perennial Ice/Snow
- 21 Low Intensity Residential
- 22 High Intensity Residential
Il 2:c
{j 31 Bare Rock/Sand/Clay
- 32 Quarries/Strip Mines/Gravel Pits
- 33 Transitional Barren
- 41 Deciduous Forest
- 42 Forest
I: 43 Mixed Forest
[T 51 shrubland
- 61 Orchards/Vineyards/Other
[ 71 Grassland/Herbaceous
[T 81 Pasture/Hay
- 82 Row Crops
_ 83 Small Grains
[T 84 Fallow
- 85 Urban/Recreational Grasses
[T 91 Woody Wetlands
- 92 Emergent Herbaceous Wetlands

Figure 1.3 30-meter resolution landcover measured in 1992 (NLCD 1992; top row), burned landcover
corresponds to overlapped wildfire during study period from 1984 to 2014 (bottom row) and landcover
classification.
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3 Methods

3.1 Wildfire Impacts on Annual Water Yield

This study investigated wildfire impacts on annual water yield in large-scale watersheds with
a paired watershed analysis using multiple linear regression. The paired watershed
framework has been applied to hydrologic and ecologic analyses due to its simplicity, and it
has been previously used for analysis of water yield responses against wildfires (Campbell et
al., 1977; Scott, 1993). It assumes that the post-fire period is long enough that parameters
can be estimated assuming stationarity, so we checked the length of the post-fire
observation period used for the analysis by looking at the behavior of the residuals.
Otherwise, if post-fire conditions return to pre-fire conditions rapidly (within a few years),

the model could underestimate the impact of fire.

Paired watershed analysis is useful for detecting changes in a parameter using two nearby
watersheds, one as a control and the other as treatment watersheds. Watershed pairs are
not required to be identical, but similarity in geology, ecology and climate help produce
better models that can more precisely detect change. This study used nearby unburned
watersheds as control watersheds within the same climate region of burned watersheds and

similar ecologic characteristics (Figure 1.3).

We use multiple linear regression to analyze the data considering equation 1.1:

QB:aXQc‘l'bXI‘l‘C (11)

Where the variables Q5 and Q. are the annual average discharges of the burned and control
watersheds, respectively and I is a fire indicator, whose value is O for pre-fire years and 1 for
post-fire periods. The fitted parameters are the intercept, c, the slope of the relationship in
flow between the two watersheds, a, and post-fire shift in flow, b. Estimation of coefficient,
b, represents the amount of change in annual water yield due to wildfire: positive/negative
values of b indicate increase/decrease in water yield after wildfire, respectively. The

statistical significance of b was tested with a t-test with a null hypothesis of 0 impact of
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wildfire on water yield, b=0, with 90% of confidence level. The 90% of confidence level was
selected to reduce risk of underestimation of post-fire response of annual water yield. We
initially checked for significance of an interaction term (I x Qc), but records were generally
short enough that it was not significant for many pairs. Where more than one control
watershed was available for a given burned watershed, the best model based on R? was

selected.

3.2 Effect of Burned Landcover on Post-fire Response in Annual Water Yield

The NLCD datasets (National Landcover Dataset measured in 1992, 2001, 2006 and 2011)
provide landcover composition for the reported year but does not provide information
about vegetation age (Figure 1.3). Thus, NLCD does not allow separating the changes due to
differential evapotranspiration rates between mature and young tree/vegetation. To work
with this limitation, we assumed (1) landcover types of NLCD were initially at a mature stage
and (2) that regrowth began right after wildfire. These assumptions can be applicable as
changes in annual water yield are related with difference in the fraction of trees between

pre- and post-fire period.

We further explored whether post-fire response of annual water yield could be expressed as
a function of changes in landcover composition and permanent tree mortality after wildfire
on specifically forested area. The annual water yield (Q) from a watershed without wildfire
(Qpre) and with wildfire (Qp,s¢) for a given hypothetical precipitation (P, equal on the two
watersheds) can be expressed with equations 1.2 and 1.3 assuming that actual
evapotranspiration is the sum of evapotranspiration via forest (ET¢) and short
vegetation/grass (ETy). Then, fractional changes in annual water yield due to wildfire
((onst - Qpre)/Qpre) can be estimated using ecologic (F and m), climatic (P) and

hydrologic (Q) information (Equation 1.4; Supplementary Equations S1 — S17).

Qpre = P — F X ET; — (1 — F) X ET,, (1.2)
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Qpost = P — (F —m) X ETy — {1 — (F —m)} x ET,, (1.3)

where F [%] is the fraction of forest before wildfire, and m [%] is fraction of forest that died
and replaced, at least temporarily, by short vegetation after wildfire. Further, ET can be
expressed as ET; = ¢ X P where c is the fraction of precipitation evaporated, and it is
conceptually what would be the ordinate axis of the Budyko (1954) relationship for a
completely forested watershed. ET, can be expressed as ETy = k X ETy where k is a
relative evaporative capacity of short vegetation compared to forest. Estimation of k is
difficult, limiting the direct utility of Equations 1.2 and 1.3 directly. Current knowledge of
relative evaporative index of shrub compared to forest is about 0.1 in semi-arid rangeland
(Brooks et al., 1997), but our study sites are forested watersheds, so application of a given
value of k could generate errors. We further reduced equations 1.2 and 1.3 by calculating
the fractional reduction (Supplementary materials). This yields a theoretical expectation of
fractional flow change that can be estimated from the forested fraction in the basin (F), its
change (m), and a single parameter, c, that is the evaporative index (ET/P) of a conceptually

fully forested basin:

AQ — Qpost—CQpre — m{Ppre (=1 L} (14)

Qpre Qpre Qpre (1-F) 1-F

The parameter c can be inferred by extrapolation between pre-fire forest fraction (F) and
evaporative index (ET /P) of nearby study sties (Supplementary Figure 1.1). This study used
a flow-based evaporative index (1 — Q/P) assuming steady-state condition because gridded
ET products may have larger uncertainty than Q. 4km-resolution monthly mean
precipitation data (P) from October 1979 to September 2014 (WY 1980 — 2014) was
obtained from the PRISM Climate Group (PRISM; http://prism.oregonstate.edu/). The
analysis does not take into account the potential change in precipitation between pre- and
post-fire periods but it underscores two fundamental variables that drive watershed
response: (1) the original amount of forest cover (F) and (2) the total amount of burned and

dead forest (m).
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3.3 Long-term Behavior of Post-fire Annual Water Yield

Long-term response of annual water yield mostly depends on changes in water demand by
forest regrowth (Kuczera, 1987; Brooks et al., 1997; Lane et al., 2010). This study calculated

residuals between observed and estimated annual water yield using the fitted linear models.

Residual; = QB,OBSi - QB,ESTi (1.5)

Qpest; = @ X Qcops; T € (1.6)

where, i is water year, QB,OBSi is observed annual water yield in burned watershed, and
QB,ESTL. is the estimated annual water yield in burned watershed if it had not been burned.

Differences between observed and estimated annual water yield for post-fire period by
neglecting wildfire impact (Equation 1.1 with I = 0) quantify the annual change in water

yield due to wildfire.

4 Results and Discussions
4.1 Wildfire Impacts on Annual Water Yield

Most of burned watersheds showed increase in post-fire annual water yield: 1.24 m3/s of
annual water yield was increased (5.5%) in CIDO after wildfire in 1989; 5.82m3/s of annual
water yield was increased (6.4 %) in CID6 after wildfire in 2007; 1.12 m3/s of annual water
yield was increased (8.3 %) in CID7 after wildfire in 2007; 1.09 m3/s of annual water yield
was increased (11.4 %) in CID8 after wildfire in 2007; 0.73 m3/s of annual water yield was
increased (11.5 %) in YNP6 after wildfire in 1988; 6.30 m3/s of annual water yield was
increased (17.2 %) in NCA3 after wildfire in 2008. On the other hand, decrease in post-fire
annual water yield was also detected in CID1 and CID6 after wildfires in 2006 and 2000,
respectively. 2.67 m3/s of annual water yield was decreased (-19.3 %) in CID1 after wildfire in

2006. 1.98 m3/s of annual water yield was decreased (-3.8 %) in CID6 after wildfire in 2000.
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This finding is in line with current studies showing increases in annual water yield after
wildfire in small watersheds (<10 km?) associated with reduction in evapotranspiration from
vegetation (Berndt, 1971; Helvey, 1980; Martin and Moody, 2001). Impact of wildfire on
annual water yield can be subdue in baseflow dominated watershed (Kinoshita and Hogue,
2015) as in baseflow dominated YNPO watershed whose mean baseflow index, BFI, during
the study period (1984~2014) is 0.75. This value is significantly larger than the other burned
watersheds with BFls less than 0.45 (Supplementary Table 1.2).

Table 1.2 Linear regression models of the paired watersheds. Bold numbers represent statistically significant
coefficients (confidence level>90%). DF indicates number of data points used for regression model. Other
paired watersheds are omitted considering the fitting power of regression models (adjusted R?) in case that has

more than one control watersheds in each site. All of results regardless of fitting power are summarized in
Supplementary Table 1.3 and Supplementary Figure 1.2.

Linear Regression Model

Burned
Control E<timat
Site Water- Watershed stimation
shed . q a b DF p-value Adj. R?
(Fire year)
[m3/s] [-] [m3/s]
0(1989) 0.52 3.98 1.24 41 <2.2E-16 0.954
2 6 (2000) 3.28 13.76 -1.98 11 4.00E-15 0.997
6 (2007) 2.34 13.91 5.82 11 2.89E-08 0.950
CID
1 (2006) -3.53 0.62 -2.67 11 8.81E-07 0.906
3 7 (2007) -2.76 0.63 1.12 19 9.69E-14 0.953
8(2007) -0.74 0.37 1.09 42 <2.2E-16 0.930
YNP 7 6 (1988) -2.15 0.61 0.73 43 <2.2E-16 0.841

NCA 1 3 (2008) 11.29 2.26 6.30 40 <2.2E-16 0.955
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Figure 1.4 Results of linear regression between burned watersheds (y-axis) and control watersheds (x-axis)
summarized in Table 1.2. Continuous and dashed lines indicate linear regression of annual water yield of paired
watersheds for pre- and post- wildfire periods, respectively.
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4.2 Effect of Burned Landcover on Post-fire Response in Annual Water Yield
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Figure 1.5 Fraction of burned and unburned land cover type and land cover composition after wildfire which is available recent observation. Solid colored and
mosaic bars are percentage of unburned and burned land cover type after wildfire, respectively. Numbers in parenthesis indicate major fire year at each
burned watersheds. NLCD 1992 was used for wildfires in 1987, 1988, 1989 and 1994; NLCD 2001 was used for wildfire in 2000; NLCD 2006 was used for
wildfires in 2006, 2007 and 2008. 1x (blue): water body and perennial snow, 2x (red): developed area, 3x (purple): barren, 4x (green): forest, 5x (brown):
shrubland, 7x+8x (orange): grassland and cultivated crop, 9x (sky blue): wetlands. Calculations of changes in landcover changes are listed in Supplementary
Table 1.4.
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Figure 1.6 Percent difference in annual water yield between pre- and post-fire periods following permanent
tree mortality after wildfire in CID and YNP. Negative value of x-axis indicates permanent reduction in fraction
of needle leaf forest. NCA3 was excluded due to its different trend of changes in landcover composition during
post-fire that is consistent compared to CID and YNP. Percent difference in annual water yield is difference
between observed (Qoss) and estimated discharge (Qest) assuming none of wildfire impact (Equation 1.1 with

. 0. 0.
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pre- and post-fire periods, respectively; i and j are water year of pre- and post-fire period, respectively.
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Figure 1.7 Percent difference in annual water yield between pre- and post-fire periods following permanent
tree mortality after wildfire in CID and YNP estimated by the analytical equation (Equation 1.4; y-axis) and the
paired watershed analysis (x-axis). Calculations using Equation 1.4 is summarized in Supplementary Table 1.5).
Filled markers indicate statistical significance with 90% of confidence level from the paired watershed analysis.
NCA3 was excluded due to insufficient watersheds for extrapolating the efficiency coefficient c.

4.3 Long-term Behavior of Post-fire Annual Water Yield

This study calculated residuals between yield observed and estimated with the pre-fire
model to test the long-term effects of wildfires on water yield (Equation 1.1 with 1=0; Figure
1.8). Positive residuals represent increased water yield, and negative residuals represent
decreased water yield. CID1 (2006), CID6 (2000), CID6 (2007), CID7 (2007), CID8 (2007) and
NCA3 (2008) have relatively short post-fire period to capture the entire dynamics of recovery
of burned landcover (Figure 1.8). For instance, Kuczera (1987) extimated about 200 years
after wildfire for an ash forest to return to pre-fire conditions. Our results show as general
trend an increase of annual water yield right after wildfire followed by a decreasing trend.
We suggest that this trend is caused by increasing water demand of regrowth of burned
vegetation (Kuczera, 1987; Wine and Cadol, 2016). Data for the post-fire periods of these
watersheds are short and less than 10 years, such that it is difficult to determine whether

the post-fire changes in annual water yield are permanent or an on-going process.
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CIDO (1989) and YNP6 (1988) have relatively longer than the other watersheds post-fire
record periods of about 20 years (Figure 1.8). CIDO residual trend shows after a sudden
increase after wildfire a constant decrease which can be associated with vegetation re-
growth (Figure 1.5). Conversely, YNP6 (1988) residuals do show an apparent strong
reduction few years after wildfire followed by an increase. This watershed experienced
permanent tree mortality, partial regrowth of burned forest, and conversion of barren area
to shrub (Figure 1.5). One hypothesis of a lack of trend may be related with different
regrowth speed between shrub and tree. Short vegetation grows quickly compared to tree.
Assuming conversion of barren area began right after wildfire, quick decrease within 6 years
after wildfire may be related with water consumption by succession of shrub, which follows
by increase in annual water yield right after wildfire due to permanent tree mortality.

Following trend can be interpreted as same manner with what was detected in CIDO (1989).

Although very limited, the residuals of NCA3 (2008) may show a decreasing trend during
post-fire period due to increasing water demand by recovery of burned canopy. Although
wildfire extent used in this study does not include burn severity, burned landcover in NCA3
can be assumed as canopy burn considering consistent landcover compositions during post-
fire period. It took 7 years to return to pre-fire condition (Figure 1.8), which was also found
by Wine and Cadol (2016) that 6 years of post-fire recovery period for canopy burned of

needle leaf forest.
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Figure 1.8 Residuals (Qoss — Qest) between observed discharges (Qoss) and discharges estimated (Qgst) by the
linear regression model using 1=0 in burned watersheds paired with control watersheds listed in Table 1.2.

Residuals of omitted watershed pairs from Table 1.2 considering fitting power of paired watershed analysis are
summarized in Supplementary Figure 1.3. Vertical intercepts indicate major wildfire years which correspond to

numbers in bracelets.
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4.4 Effect of Spatial Scale of Burned Watersheds

CIDO (1989), CID6 (2007), CID7 (2007), CID8 (2007), YNP6 (1988) and NCA3 (2008) were
selected with statistically significant increase in annual water yield from paired watershed
analysis. CID1 (2006) and CID6 (2000) with decrease in post-fire annual water yield were

excluded because of a few number of decreasing cases.

Small to large size watersheds (<1,000km?) may burn more than half of drainage area
whereas very large watersheds (>1,000km?) are mainly subject to partial-burned (<~30%)
where drainage area is larger than 1,000km? (Figure 1.9A). Positive linear correlation
between changes in post-fire annual water yield and percent burned area was not detected
even in small watersheds (<10km?) whereas strong positive linear correlation for logging
projects was found in small experimental watersheds (Bosch and Hewlett, 1982; Stednick,
1996) (Figure 1.9B; Figure 1.9C). Thus, evapotranspiration changes due to vegetation
removal or burn have different effects on annual water yield after logging and wildfire.
Interestingly, large watersheds with small burned areas are close to the 1:1 line suggesting
that they are quite efficient in responding to the disturbance (Figure 1.9C). However, as
burned area increases their efficiency decreases rapidly and remains around 13% regardless

of the percent of burned areas (Figure 1.9B).
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Figure 1.9A Percent burned area (%) following drainage area (km?) for the assessment of size effect of impact
of wildfire on annual water yield regarding spatial scale of burned watershed. Dashed line indicates mean value.
Solid dots represent burned watersheds of this study and numbered circles represent literature review: 1. Stoof
et al. (2012), 2. Scott (1993), 3. Lane et al. (2006), 4 and 5. Mahat et al. (2016), 6. Hessling (1999), 7. Kinoshita
and Hogue (2015), 8. Bart (2016), 9. Wine and Cadol (2016), 10. Loadiciga et al. (2001) and 11. Luce et al. (2012).
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5 Conclusions

Available studies conducted mostly in small watersheds showed that annual water yield
response to wildfire depends on the ecologic and climatic characteristics of the watershed
besides the burned land cover type and their regrowth. This study confirmed that these

variables also governs the annual water yield response in large watersheds.

Wildfires caused permanent tree mortality mostly in central Idaho watersheds (Salmon and
Payette River Basins) and Yellowstone National Park basin, while burned trees began regrow
quickly in North California Klamath River basin. Annual water yield increased (5.5% ~ 17.2%)
in most burned watersheds due to tree/vegetation mortality but wildfire impacts were quite
mitigated compared to small watersheds. On the other hand, annual water yield was
predicted to decrease (-3.8% ~ -19.3%) where reduction in fraction of burned needleleaf
trees were less than 5%. The long-term responses are still on-going after recent wildfires in
the study sites, thus, continued efforts for measurement are required for understanding the
long-term behavior. Responses of annual water yield in a long-term context were estimated
to follow changes in evapotranspiration rate for two studied watersheds one in Central
Idaho (CIDO, 1989) and one in Yellowstone National Park (YNP6, 1988) where enough post-

fire period data were available.

Burned watersheds produce more water than the pre-fire period due to reduced
consumption of water within the watershed. Assessment of wildfire impact on annual water
yield is important for proper water resources management plan that accounts for both
timing and amount of changes in annual water yield. Although, results of this study showed
increase in post-fire annual water yield in general, magnitude of the impact of wildfire in
large watersheds is typically lower than what is expected in small watersheds. Current
understanding suggests that the reason of this mitigation is due to spatial heterogeneity of
burned area and the percent of burned areas per wildfire is constrained to less than 30% in

large watersheds (>1,000km?).
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CHAPTER 2: BUDYKO FRAMEWORK: REVEALING THE IMPACTS OF WILDFIRES
AND CLIMATE CONDITIONS ON WATERSHED ANNUAL WATER YIELD

Abstract

The impact of wildfire on annual water yield, Q, is constrained by a complex interaction
among several processes that include hydrologic, ecologic and climatic alterations.
Prediction of post-wildfire Q is important because of water demand for energy and food
production especially after large wildfire (area>100km?), whose size and frequency has been
increasing in the last decades. To address this problem, we propose a novel application of
the Budyko framework, which was originally developed to explore alterations of energy and
water balance within watersheds. We applied this framework to investigate the impact of
wildfire on Q by partitioning precipitation, P, into Q and actual evaporation for 15 large
wildfires in 10 large watersheds at both yearly time scale (yearly Q) and as originally
developed for long-term averages (a mean value of Q for the pre- and the for post-wildfire
period). We apply the model with a flow-based evaporative index (1-Q/P) to constrain
measurement uncertainty of evapotranspiration. Results of the Budyko framework support
the general observation that post-wildfire Q is larger than pre-wildfire Q. Decrease in post-
wildfire Q is detected in watersheds, where burned trees begin regrowth right after wildfire;
a process that may cause higher evapotranspiration than in pre-wildfire period. Climatic
conditions can affect the hydrological response during post-wildfire period. Both yearly time
scale and long-term average approaches show mitigated or enhanced impact of wildfire on

Q under post-wildfire wet or dry weather condition, respectively.

Key words: Budyko Framework, Annual Water Yield, Wildfire, Climate variability,

Evapotranspiration
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1 Introduction

Appropriate management of water resources is crucial for sustainable use of water for
municipal use, food and energy production and ecosystem needs (Bales et al., 2006; Liu et al.,
2008). Climate change, anthropogenic activities and their interactions tend to alter
hydrologic cycle. Air temperature has been increasing as a result of climate change along
with the frequency and severity of wildfires (Morgan et al., 2008; Dillon et al., 2011,
Dennison et al., 2014). Intense anthropogenic activities modify landscape, ecology and
atmospheric composition, which result in changes in water and energy balance (van der
Velde et al., 2014). These disturbances change hydrologic components including
evapotranspiration and annual water yield (Berndt, 1971; Helvey, 1980; Martin and Moody,
2001; Bart, 2016). As a result, proper management of water resources has become

challenging (Huntington, 2006; Donohue et al., 2011; Wang et al., 2016).

Wildfire is a critical factor that alters hydrologic cycle by affecting infiltration and
evapotranspiration (Bart and Hope, 2010; Lane et al., 2010; Adams et al., 2012; Vieira et al.,
2015; Zhou et al., 2015) (ET); the latter is associated with tree mortality (decrease in ET)
and/or regrowth of burned forest (increase in ET), which, in turn, affect the annual water
yield (Brooks et al., 1997). Consequently, wildfire impact on evapotranspiration has a direct
effect on post-wildfire response of annual water yield, although its effect is poorly
constrained especially for large watershed (drainage area larger than 100 km?) (Helvey, 1980;

Lane et al., 2010; Luce et al., 2012).

Paired watershed analysis (Campbell et al., 1977; Scott, 1993; Bart, 2016) and numerical
modeling (Lane et al., 2010; Feikema et al., 2013; Sidman et al., 2016) have been usually
employed for predicting post-fire response of annual water yield in small watersheds. Paired
watershed analysis requires both adjacent control and burned watersheds, whose ecological
and hydrological characteristics can be considered similar. However, it is challenging to
define or identify proper control watersheds especially when investigating large watershed
hydrologic response. On the other hand, numerical modeling use is limited by the large

number of variables that need to be characterized to analyze hydrologic alterations. The
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difficulties for acquisition of accurate datasets and calibration and validation of numerical

models increase significantly as watershed size gets large.

To overcome the limitations of these typical approaches, we propose the use of the Budyko
framework to investigate the post-wildfire response of annual water yield especially in large
watersheds, those with drainage area large than 100 km?. Budyko (1974) developed a
powerful and simple framework to examine water and energy balance of watersheds. This
framework enables partitioning of precipitation into annual water yield and
evapotranspiration to investigate changes in water and energy balance induced by
vegetation cover changes (Budyko, 1974; Zhang et al., 2001; Donohue et al., 2007; Zhang et
al., 2016) and other external disturbances such as climate change (Zhang et al., 2004; Yang

et al., 2006) and/or anthropogenic activities (Wang and Hejazi, 2011; Jiang et al., 2015).

Here, we suggest that Budyko framework can also be used to evaluate and predict post-
wildfire response of annual water yield associated with changes in evapotranspiration.
Wildfire is a key ecological and landscape-shaping agent that can cause significant changes in
vegetation and, in turn, in evapotranspiration (Scott, 1993; Stoof et al., 2012; Wine and
Cadol, 2016). The Budyko framework is well suited for large watershed, where data
acquisition for traditional approaches is difficult. Disturbance effect can be detected without
the need of control watersheds, because the energy balance variable accounts for potential
changes in precipitation conditions (climatic conditions) between pre- and post-wildfire
periods. This is important because different weather conditions between pre- and post-
wildfire periods may mitigate or enhance the impact of wildfire on annual water yield
especially in large watersheds (Wine and Cadol, 2016; Hallema et al., 2018). The Budyko
framework uses few variables that are (1) actual evapotranspiration (AET) or annual water
yield (Q), (2) potential evapotranspiration (PET) or annual net radiation (RNY) and (3) annual
precipitation (P). Our goal is to present the Budyko framework for predicting water yield
response due to wildfire and apply it to (1) examine post-fire responses of annual water yield
in terms of changes in ET due to wildfire using Fu’s equation (Equation 2.1) with water year

based evaporative index and dryness index and long-term averaged indices for pre- and
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post-fire periods and (2) explore the interaction of post-fire weather condition with impact

of wildfire in short- and long-term context.

The long-term time scale (mean averaged over the pre and post wildfire periods) approach
enables the assessment of the interaction of post-wildfire weather condition linked with net
heat fluxes and availability of water resources in terms of the potential evapotranspiration
with the impact of wildfire associated with capability of recovery of burned landcover. On
the other hand, the yearly time scale approach enables the assessment of interaction of
post-wildfire weather condition considering precipitation-runoff relationship with impact of
wildfire. In a short-term context, annual water yield will be less or more than expected

under extreme droughts or storms regarding precipitation-runoff relationship.

2 The Budyko Framework Revealing the Impacts of Wildfires and Climate Condition

This study adapted the Budyko (1974) framework to analyze the impact of wildfire on annual
water yield in terms of changes in actual evapotranspiration (Figure 2.1). The Budyko
framework represents hydrological characteristic of watershed in terms of water and energy
balance under the assumption of steady state condition, P = AET + Q + AS, where the
storage term AS is equal to 0 (Budyko, 1974). It has been widely employed for assessments
of dynamics of water and energy balance and comparison of watershed characteristics
between different periods based on external disturbances (Xu et al., 2014; Jiang et al., 2015)
or different regions (Li et al., 2013; Liang and Liu, 2014) with various equations (Fu, 1981;
Choudhury, 1999; Zhang et al., 2004; Yang et al., 2008; Donohue et al., 2012). Recent studies
showed its applicability in partitioning of precipitation into annual water yield and actual
evapotranspiration despite the limitation of the steady-state condition (Donohue et al., 2007;

Chen et al., 2013).

This study employed Fu’s equation for the Budyko framework with yearly and long-term
averaged flow-based evaporative index (Elzg; 1-Q/P) and dryness index (DI; RNY/P)
(Equation 2.1).
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Elrg =1+ DI — (1 + (D[)(w+wa1))1/(w+Aw><l) @.1)

where, Elzg and DI are flow-based evaporative index (1 — %) and dryness index (Rpﬂ),

respectively. The parameter [ is a fire indicator with value of 0 and 1 for pre- and post-fire
periods, respectively. The coefficient w is an empirical parameter that accounts for
vegetation, geographical, topographical and soil properties (Greve et al., 2015; Sposito,
2017). A change in w between pre (wpye) and post (wy,s¢) Wildfire, Aw = wyo5r — Wpre,
indicates altered watershed characteristics after wildfire. Decrease or increase in w indicates
an increase or a decrease in annual water yield associated with changes in

evapotranspiration together with climate variability, respectively.
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Figure 2.1 Concept of a new theoretical approach within the Budyko framework for wildfire impact on annual
water yield revealing the interaction of weather condition with the impact of wildfire. Circles represent
arbitrary cases considering changes in water and energy balance, and curves are Fu’s equation correspond to
each case.
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Upward (case 1) or downward (case 2 or case 3) shift of the Budyko curve after wildfire
indicates a decrease or increase in annual water yield, respectively (Figure 2.1). Changes in
annual water yield can be directly interpreted as changes in evapotranspiration assuming
steady state condition. Increase in post-wildfire evapotranspiration rate indicates an
increase in water demand by vegetation recovery, conversely a decrease in post-wildfire
evapotranspiration rate indicates a reduction in water demand due to permanent tree
mortality. Filled circles in Figure 2.2 show possible scenarios of response of burned

watersheds associated with changes in ecological and climatic properties. Cases C show
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post-wildfire response of water and energy balance without any impact of climatic
conditions between pre- and post-wildfire conditions with case 1C showing an increased
evapotranspiration that causes a decrease in annual water yield whereas case 3C a decrease

in ET and thus an increase in annual water yield.

The other cases depict a post-fire response of annual water yield and a change between pre-
and post-wildfire climatic conditions. Cases 1A, 1B and 1D indicate possible alterations of
water and energy balance linked with post-fire weather condition. These cases are expected
to occur in burned watersheds, where regeneration/regrowth begins quickly right after
wildfire such that evapotranspiration is higher than pre-wildfire period. Long-term behavior
of increased ET is likely to be temporary due to vegetation recovery. Upward shifted Budyko
curve trends are expected to return toward pre-wildfire condition once

regrowth/regeneration of burned landcover is completed.

On the other hand, cases 2 and 3 show decreased ET, which results in increase in annual
water yield. Cases 2D, 3A and 3D are expected to occur in burned watersheds with
significant amount of permanent tree mortality. Long-term behavior of decreased ET related
with burned landcover and its recovery period depend on post-wildfire climatic conditions.
Downward shifted Budyko curves tend to return toward pre-fire condition if post-fire
climatic conditions are conducive to regrowth/regeneration of burned landcover (Brooks et
al., 1997). This may not always happen as post-wildfire drier than pre-fire condition may
lend to landcover conversion to short vegetation that consume less water than forest or pre-
wildfire landcover. Thus, downward shifted Budyko curve after wildfire may remain
decreased in watersheds, where burned forest cover is converted to short vegetation and
will not begin regrowth. Water and energy balance will be shifted from D to 2D or 3D when
evapotranspiration decreased after wildfire, while weather condition remains the same
between pre- and post-fire periods. Strong wildfire impacts on Q may cause a significative

departure from the pre-wildfire Budyko curve (Aw;p > Aw,p).
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Right or leftward movements along the Budyko curve exhibits weather conditions and
energy balance adjustments of a watershed without significant external disturbances (open

circles A, B and D cases).

The new theoretical Budyko framework quantifies the impact of wildfire on evaporative
index regarding post-fire wet/dry condition (Figure 2.1). For example, water and energy
balance will be shifted from C to 3D or 3A when evapotranspiration decreased significantly
due to wildfire and a burned watershed experienced severe droughts (3D) or wet years (3A)
during post-fire period. Water and energy balance without wildfire will be shifted from C to
D or A under a given change of weather condition. Hence, distance between D~3D and A~3A
have the impacts of both wildfire and climate variability on water and energy balance of
burned watershed. Figure 2.1 shows that distance between pre and post-wildfire Budyko
curves get larger and larger as the watershed get drier. This suggests as observed by other
that post-wildfire response of annual water yield is more sensitive under post-fire dry than

wet conditions (Zhou et al., 2015; Hallema et al., 2018).

3 Study Sites and Data Acquisition
3.1 Study Sties

Study sites were selected based on availability of discharge data throughout the Contiguous
USA and focused on large watersheds, those with drainage area larger than 100 km? (Figure
2.1; Table 2.1; Supplementary Table 2.1). Watersheds were considered as burned if wildfire
burned at least 10% of the total watershed area within a water year. Those with missing data
near the wildfire year, or dominated by groundwater identified with baseflow index lager
than 0.5 (BFI>0.5, Supplementary Table 2.1) or with or downstream large reservoirs were
excluded from the analysis. This resulted in a total of 10 watersheds (Table 2.1) within the
Rocky Mountains in Central Idaho (CID), Yellowstone National Park (YNP) and Klamath River

basin in Northern California (NCA).
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The CID and YNP watersheds are in semi-arid alpine highland climate region and the NCA
basin is in Mediterranean climate region. Elevations of the CID and YNP watersheds range
between 1,000 and 3,600 meters and those of NCA between 149 and 2,690 meters. CID and
YNP watersheds have needle leaf forest (50 ~ 80%), shrubland (15 ~ 50%) and short
vegetation (5 ~ 20%), while NCA has mostly needle leaf forest (>80%) and some shrubland
(~15%) as reported by NLCD measured in the years near the major wildfire (MRLC;

http://www.mrlc.gov; Supplementary Figure 2.2).

GAGESII Wildfires (1984-2014)
Basin Boundaries D State Borders

\ *fn {
> s o . d
e e - -l g

- |
Figure 2.2 Wildfires between 1984 and 2014 in study sites: (A) NCA, the Klamath River Basin in Oregon-
California, (B) CID, central Idaho watersheds and (C) YNP, the Yellowstone National Park.
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Table 2.1 Summary of wildfires and burned watersheds where wildfire impact was statistically significant from
paired watershed analysis. Bold numbers indicate water year that wildfire impacts were statistically significant

from paired watershed analysis with 90% of confidence level.

Burned Watershed Gauge Drainage Gaug.e Elevation Range (m) __ Cumulative

(wildfire year) D Area Elevation Watershed Wildfire Burned Area

(km?) (m) min max min max by 2014 (%)
CIDO (1989) 13235000 1163.2 1155.2 1148 3213 1164 2862 354
CID1 (2006) 13237920 874.8 926.6 912 2583 917 2583 34.6
CID5 (2000, 2007) 13309220 2696.6 1335.0 1331 2981 1405 2981 49.9
CID6 (2000, 2007) 13310199 7451.0 926.6 921 3160 921 3014 54.1
CID7 (1994, 2007) 13310700 853.1 1143.0 1143 2786 1143 2786 89.9
CID8 (1994, 2007) 13313000 561.9 1419.1 1417 2777 1417 2777 86.7
YNP2 (1988) 06186500 2516.1 2374.0 2350 3679 2350 3296 51.1
YNP5 (1988) 13010065 1222.3 2073.1 2070 3121 2070 3121 74.9
YNP6 (1988) 13011500 404.1 2048.3 2043 3071 2465 3071 66.3
NCA3 (1987, 2008) 11522500 1943.1 148.9 149 2680 149 2337 48.5

3.2 Data Acquisition

3.2.1 Annual Water Yield (Q)

Discharge data for quantifying annual water yield (Q; mm/year) within each water year (a

water year is from October 1% to September 30™ of the following year) was obtained from

the USGS National Water Information from water year 1979 to 2014 (WY 1980 - WY 2014)

(USGS NWIS; http://waterdata.usgs.gov/nwis) (Supplementary Figure 2.1).

3.2.2 Historic Wildfire

Historic wildfire data from 1984 to 2014 was obtained from the Monitoring Trends in Burn

Severity (MTBS; http://www.mtbs.gov) (Figure 2.1; Supplementary Figure 2.1). Wildfires

extensions were overlapped over the watersheds to quantify the percent burned area, BA,

as the ratio between total burned area (sum of extents of all wildfires) and drainage area

(Figure 2.1 and Table 2.2). Watersheds burned areas ranged from 12.5% (CID1) to 74.4%

(YNP5).


http://waterdata.usgs.gov/nwis
http://www.mtbs.gov/
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3.2.3 Precipitation (P)

Monthly mean precipitation data (P; mm/year) from January 1895 to December 2014 at a
4km-resolution was obtained from PRISM Climate Group (PRISM;
http://prism.oregonstate.edu/) (Supplementary Figure 2.3). Site elevation is an important
factor for an absolute difference between PRISM data and surface measured precipitation
data (Jeton et al., 2006). Percent difference between PRISM P and station measured P is
smaller than £15% in Nevada (USA) below elevation about 2,400 meters (comparison period:
1961-1990 and 1971-2000), and it is expected to be larger above 2,400 meters (Jeton et al.,
2006). Elevation range of the study sites ranges between about 100 to 3,600 meters. The
following analysis assumes that the PRISM data has approximately a £15% of estimation

error for the study sites.
3.2.4 Actual Evapotranspiration (AET)

Monthly mean actual evapotranspiration data (AET; mm/year) from October 1983 to
September 2006 (WY 1984 ~ WY 2006) at an 8km-resolution was obtained from the
Numerical Terradynamic Simulation Group (NTSG UMT,
http://files.ntsg.umt.edu/data/ET_global_monthly ORIG/Global_8kmResolution/Raster/)
(Supplementary Figure 2.3). Root mean square error (RMSE) between tower measured AET
and estimated AET is 186.3 mm/year (Zhang et al., 2010). Additionally, AET from October
2006 to September 2014 at a 5km-resolution provided by NASA was obtained from the
Numerical Terradynamic Simulation Group (NTSG UMT;
http://files.ntsg.umt.edu/data/NTSG_Products/MOD16/MOD16A2_MONTHLY.MERRA_GMA
O_1kmALB/GEOTIFF_0.05degree/) (Supplementary Figure 2.3). Mean absolute error (MAE)

between tower measured AET and estimated AET is 120.5 mm/year (Running et al., 2017).

Absolute error of satellite based estimated AET for the study period (WY 1984 ~ WY 2014) is
about 150 mm/year, and that is about 15% of PRISM precipitation data throughout the study
sites. Estimation errors included in P and AET are not negligible considering the order of

magnitude of total water balance of the study sites; thus, this study proposed a flow-based


http://prism.oregonstate.edu/
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AET (1-Q/P) assuming steady-state condition instead of satellite based AET despite its
convenience. Use of flow-based AET and long-term averaged P would minimize the

estimation error of the raw data.
3.2.5 Net radiation (RNY)

Annual net radiation (RNY) was provided by NOAA NWS NCEP (National Centers for
Environmental Prediction) as a surrogate for potential evaporation in terms of energy flux of
watershed from October 1979 to September 2014 (WY 1980 ~ WY 2014) at a 19km-
resolution (http://app.climateengine.org/) (Supplementary Figure 2.2). This study used RNY
instead of potential evapotranspiration (available from January 2000) due to accuracy and
data availability for the study periods (WY 1980 ~ WY 2014). RNY is the total energy flux
including incoming and outgoing radiation of both short and long wavelengths and
represents the energy balance between absorbed, reflected and emitted by earth surface.
Hence, RNY is applicable for the dryness index (ratio between available energy and water) of
the Budyko framework. RNY is provided as energy flux [MJ/m?/day], and it is converted into

equivalent annual evapotranspiration [mm/year].
3.2.6 Data Analysis

Impact of wildfire on annual water yield was quantified with different approaches. We
analyzed the changes in w between pre (wy,¢) and post (wys:) Wildfire, Aw = wpost — Wpre-
Statistical significance of Aw (impact of wildfire) was tested using t-test with a null

hypothesis that impact of wildfire equals to zero with 90% of confidence level. This study
employed 90% of confidence level for the statistical test to minimize risk of underestimation
of post-fire response of water and energy balance which may be masked due to climate
variability. We quantified the residuals of annual water yield between observed post-fire
condition and expected without wildfire annual water year based on pre-wildfire model to

examine the long-term trend:

AQj = QOBS,j - QEST,j (2.2)


http://app.climateengine.org/
http://app.climateengine.org/
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where j is water year after wildfire, and the expected without wildfire annual water yield is

qguantified from equation 2.1 with the fire indicator /=0 and w set as for pre-fire period:

1
Qesry = P * {(1 +D1)% ~ D1 23)

Residuals also account for fire-climate induced changes in annual water yield. The mean

residual was quantified to represent the overall change as

1

AQm = -x XF_,1(AQ)) (2.4)

T
and its relative change in percent

AQu(%) = 2 35 2erCesti ¢ 109 (2.5)

Qest, J

where T is number of available records within the period after wildfire.

Long-term averaged Elrg and DI were calculated by averaging each raw data of Q, P and
RNY first then calculated 1 — Q /P and RNY/P. For P and RNY, observations in water year
when discharge data was missing in that water year were excluded to avoid biased result of

representative watershed characteristic of water and energy balance.

This study expects to minimize estimation error of PRISM P data by long-term average.
Although it is difficult to define that the sample size of PRISM P is large enough, but the long-
term averaged P can be expected to minimize the estimation error originated from raw data.

The long-term annual water yield change due to wildfire is:

AAWY = AWYOBS,] - AWYEST,] (26)
with
1

(@)\w
AWYgsr ) = (1 + <—R1:j]> ) - —RZ;/] X P (2.7)



45

where, ] indicate post-fire period, w is an empirical parameter for pre-fire period, and its

relative change in percent as:

AAWY (%) = 2L0Bss~VEST) o 100 (2.8)

AWYEST,]

4 Results and Discussions
4.1 General Watershed Behavior

The average annual precipitation during the study period for CID, YNP and NCA were 970
mm, 859 mm and 1463 mm, respectively (Supplementary Figure 2.3). The wettest and driest
water year in CID (based on SPI) produced 1070 mm/year (CIDO in WY 1997) and 293
mm/year (CID8 in WY 1988) (annual water yield), respectively; in YNP produced 1223
mm/year (YNP6 in WY 1997) and 384 mm/year (YNP5 in WY 1988), respectively; and in NCA
produced 1457 mm/year (NCA3 in WY 1983) and 386 mm/year (NCA3 in WY 2014),

respectively.

The average pre-wildfire annual dryness index (DI; RNY /P) was 0.96 for CID, 1.29 for YNP
and 0.79 for NCA. The average post-wildfire D/ increased in most burned watersheds except
in CID1 (wildfire in 2006), CID7 (1994, 2007), CID8 (1994, 2007) and YNP5 (1988)
(Supplementary Figure 2.3; Figure 2.6). Difference in average precipitation for pre- and post-
wildfire period in CID and YNP is not notable, whereas it significantly decreased during the
first and second post-fire periods in NCA3 from pre-wildfire period (Supplementary Figure
2.3). Decrease in El in most CID and YNP burned watersheds can be interpreted as reduction
in average AET after wildfire due to permanent tree mortality. On the other hand, burned
forest quickly re-grew during post-fire periods in NCA3. Increase in the average post-fire
annual El in NCA3 is caused by both increasing water demand by regrowth of burned forest
and reduction in precipitation. Increase in El in NCA3 may be biased due to relatively short
pre-wildfire record period (4 years) compared to post-fire period after wildfire in 1987 (21

years) and 2008 (6 years). Also, severe droughts (1991, 1992, 1994, 2001 and 2014) during
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post-wildfire period and wet years during pre-wildfire period (1982, 1983 and 1984) may

cause the notable difference in El between pre- and post-wildfire periods.

4.2 Flow-based Evaporative Index (1 — Q/P)

The original Budyko framework and its various applications use actual evapotranspiration
(AET) for evaporative index (El; AET/P) (Budyko, 1974; Fu, 1981; Choudhury, 1999). Global
AET data is provided by NASA and it is easy to acquire for data mining. However, its
estimation error (about 150 mm/year) is not negligible at the spatial scale of the study sites
(100 ~ 10,000 km?). Water and energy balance with a yearly time scale of AET, PET and RNY
does not fit to Budyko type equations such as Budyko (1974), Fu (1981), Choudhury (1999),
Zhang et al. (2004) and Yang et al. (2008) but shows linear correlation in our study sites
(Supplementary Figure 2.4). Fitted linear equations for pre- and post-wildfire periods are
statistically different with 90% of confidence level in CID5 (2007), CID6 (2007), CID7 (2007),
CID8 (2007), YNP5 (1988) and YNP6 (1988) (the number in parenthesis following the name of

the watershed indicates the year of the wildfire) (Supplementary Table 2.3).

Despite the good performance of linear model using input variables of AET, RNY and P within
the study sites for the study periods (Supplementary Table 2.3; Supplementary Figure 2.4),
the linear equation may violate water limits under extreme dry weather condition
(Supplementary Figure 2.4). Analysis of changes in storage (AS= P — Q — AET) shows values
of AS about 300 mm/year throughout the study sites (Supplementary Figure 2.5), which
appear to store or leak water during the study period, which should not occur under the
assumption of steady state AS=0. The change in storage is similar to the accuracy of the AET
and P measurements such that we argue that AS is due the uncertainty in measuring AET
and P rather than unsteady conditions. Hence, we propose a flow-based evaporative index
(Elgg=1— Q/P) instead of EI (AET /P) assuming steady-state condition to remove an
estimation error of AET . Direct measurement of discharge (Q) can be expected to have
negligible errors compared to satellite based estimation of AET. For the estimation error of P,

we expect to be small because P is in both indices, 1 — Q/P and RNY/P for the yearly time
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scale analysis and, long-term averaged value of P can be expected to minimize estimation

error.

4.3 Budyko Framework with Fu’s Equation using yearly time scale of EIz and DI

Fu’s equation well fits the water and energy balance with Elpg (Figure 2.3; Table 2.2). Fitted
Fu’s equations for pre- and post-wildfire periods are statistically different with 90% of
confidence level in CID7 (2007) and CID8 (2007) (Table 2.2). The other wildfires do not have
statistically significant impact on water and energy balance. Negative A, from CID7 (2007)
and CID8 (2007) shows decrease in Elrg, which indicates increase in Q (Figure 2.3). This can
be interpreted as a reduction in evapotranspiration due to significant amount of permanent

tree mortality after wildfire (Supplementary Figure 2.1).

Although non-statistically significant, all the other watersheds showed the same trend as
CID7 and CID8 expect CID6 (2000). Increase in Elrg in CID6 after wildfire in 2000 can be
interpreted with increasing water demand by quick regrowth of burned forest right after
wildfire with negligible amount of permanent tree mortality (<5%; Supplementary Figure
2.1). The Budyko framework shows that water and energy balance tends to converge toward
pre-fire Budyko curve 5 years later the wildfire (Figure 2.3 and 2.4), as expected through
regrowth of burned landcover declines as forest reaches mature stage (Kuczera, 1987; Lane

et al., 2010) and water demand returns to pre-wildfire condition.

In most burned watersheds, water and energy balance tends to return to pre-wildfire
condition except CID7 (2007) and CID8 (2007) (Figure 2.3 and 2.4). Gray colored markers
represent post-wildfire water years right after wildfire, and they return toward pre-wildfire
Budyko curve (solid curve) over time. However, the post-wildfire record period may be short
for CID7 (2007) and CID8 (2007) to allow regrowth to pre-fire conditions. Permanent tree
mortality was observed in these watersheds after wildfire, and the burned pine tree forest
was converted to short vegetation with low water demand (Supplementary Figure 2.1). Post-
wildfire Budyko curve may remain lower if reduced water demand persists permanently and

the watershed will produce more water compared to pre-fire period.
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CID1 (2006) shows increase in post-wildfire annual water yield (Figure 2.3; Table 2.2),
although alteration of landcover composition in CID1 (2006) is similar with that in CID6 (2000)
(Supplementary Figure 2.1). The amount of permanent tree mortality was not significant
(<5%) in CID1 (2006), and quick regrowth began right after wildfire (Supplementary Figure
2.1). This post-wildfire behavior of landcover recovery is supposed to decrease post-wildfire
annual water yield as we hypothesized and observed in CID6 (2000). The opposite response
of CID1 (2006) compared to CID6 (2000) cannot be explained by post-wildfire weather
condition as they are similar to pre-fire period in CID1 (2006) (Figure 2.3; Supplementary
Figure 2.3) but potentially to the relatively short pre-wildfire record period of discharge data,

which may not represent the pre-wildfire watershed characteristic.
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dryness index (RNY/P) from 1980 to 2014 in burned watersheds. Numbers in parenthesis indicate wildfire year.
Open circles and filled circles indicate scatter between Elrs and DI during pre- and post-fire period, respectively.
Continuous and dashed curves are fitted Fu’s equation using non-linear least square method for pre- and post-
fire period, respectively. Red colored curve is a Fu’s equation for global Budyko curve with w = 2.6.
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Table 2.2 Summary of post-fire response of annual water yield through the Budyko framework with Fu’s
equation using yearly data of flow-based El and DI. Shaded rows indicate statistically significant wildfire impact.

. Budyko Framework with Fu’s Equation using
Drainage Burned

Watershed yearly data of EIrp and DI
(fire year) Area Area AQ AQ,
(km?) (%) Pre-fire Post-fire Aw m m
(mm/yr) (%)
CIDO (1989) 1163.2 16.9 1.505 1.461 -0.044 24.8 4.3
CID1 (2006) 874.8 16.5 1.641 1.578 -0.063 26.4 6.2
CID5 (2000) 2696.6 20.6 1.866 1.820 -0.046 10.8 3.6
CID5 (2007) 2696.6 15.0 1.866 1.607 -0.259 91.2 21.1
CID6 (2000) 7451 17.5 1.894 1.951 0.057 -15.4 -5.3
CID6 (2007) 7541 12.5 1.894 1.749 -0.145 41.5 12.1
CID7 (1994) 853.1 15.8 1.705 1.629 -0.076 35.5 6.0
CID7 (2007) 853.1 67.9 1.705 1.417 -0.288 129.8 28.1
CID8 (1994) 561.9 15.9 1.888 1.870 -0.018 5.5 0.6
CID8 (2007) 561.9 54.5 1.888 1.582 -0.306 109.9 22.3
YNP2 (1988) 2516.1 40.2 1.632 1.538 -0.094 37.6 9.2
YNP5 (1988) 1222.3 74.4 1.434 1.387 -0.047 26.3 4.8
YNP6 (1988) 404.1 56.9 1.424 1.362 -0.062 48.4 7.1
NCA3 (1987)  1943.1 19.8 1.794 1.749 -0.045 37.6 2.9
NCA3 (2008) 1943.1 26.9 1.794 1.639 -0.155 59.5 12.4

The Budyko framework at yearly time scale allows analyzing the long-term response via
annual water year residuals. Residuals (AQ;; mm/yr) generally increased compared to pre-
fire period (Table 2.2; Figure 2.4) due to reduced evapotranspiration cause by permanent
tree mortality. Further, residuals show a noticeable increase in annual water yield during
wet years, and a subdue increase or even a decrease in annual water yield during dry water
years in all burned watersheds except CIDO in WY 2005 and NCA3 in WY 2014 (Figure 2.4).
These results highlight the complex interaction between precipitation, discharge and
vegetation. Post-fire weather conditions linked with precipitation-runoff elasticity can mask
or enhance wildfire impact on Q. Post-wildfire climatic conditions with precipitations below
pre-wildfire average P can mask an increase of annual water yield (Hallema et al., 2018).
Whereas, post-fire wet climate with precipitation larger than pre-fire period can amplify or
mitigate wildfire impact, where annual water yield increased or decreased due to wildfire,
respectively (Hallema et al., 2017). Enhanced amount of increase in annual water yield in WY
2005 in CIDO and in WY 2014 in NCA3 may results of other external impacts besides

ecological and climatic variabilities, which is not yet clarified in this study.
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Figure 2.4 Residuals (Qpgs — Qgst) between observed annual water yield (Q,gs) and annual water yield
estimated by Budyko framework (Qgsr) with Fu’s equation using yearly value of Elzg and DI. Dashed line for
post-fire period is the residual mean value that corresponds to absolute changes in post-fire annual water yield
summarized in Table 2.2 (AQ; mm/year). Vertical red lines indicate wildfire years. Blue, orange colored and
opened circles indicate wet (SPI>=1), dry (SPI=<-1) and normal (-1<SPI<1) water year based on SPI
(Standardized Precipitation Index; (McKee et al., 1993)), respectively.
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Figure 2.4 Continued.
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Increase in post-fire Q was detected in most burned watersheds. Relationship between Aw

and AQm(%) has a linear correlation regardless of statistical significance of wildfire impact

(Figure 2.5). Conversely, AQm(%) did not show notable dependence from spatial scale when

plotted versus burned area (%; Figure 2.6A) or drainage area (km?; Figure 2.6B). This result

may be biased by the small number of study sites, which may not be sufficient to represent

the post-fire response of annual water yield and a large sample may identify a trend.
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4.4 Budyko Framework with Fu’s Equation using EI ;g and DI for pre- and post-fire period

Responses of post-fire annual water yield estimated by the Budyko framework with long-
term averaged flow-based evaporative index (averaged Elrg and DI) have similar response
as the yearly analysis (Figure 2.7; Table 2.3). Comparisons between the wildfire response at
both time scale (yearly) and (long term) show similar prediction in terms of Q,,, (Figure 2.8A)
and w (Figure 2.8B). Long-term time scale approach provides intuitive alteration of water
and energy balance and the role of post-fire weather condition in a long-term context, and
yearly time scale approach depicts role of climate condition in a short-term context related
with water budget within a water year.

Table 2.3 Summary of post-fire response of annual water yield using Budyko framework. Bold numbers indicate

statistically significant wildfire impact from paired watershed analysis. Statistical test for significance of impact
of wildfire using long-term average data is not available by accounting single data point for each period.

Budyko Framework with Fu’s Equation using

Drainage Burned long-term average data of EIzg and DI

Watershed

(fire year)* Area Area AAWY AAWY
(km?) (%) Pre-fire Post-fire Aw
(mm/yr) (%)
CIDO (1989) D 1163.2 16.9 1.523 1.449 -0.075 38.0 6.7
CID1 (2006) W 874.8 16.5 1.623 1.567 -0.056
( ) 20.8 5.4
ID5 (2 D 2 . 20. 1.894 1.81 -0.
CID5 (2000) 696.6 0.6 89 813 0.080 23.0 6.3
CID5 (2007) - 2696.6 15.0 1.894 1.609 -0.284
100.0 23.2
CID6 (2000) D 7451 17.5 1.885 1.946 0.061
-14.8 -5.3
CID6 (2007) D 7541 12.5 1.885 1.749 -0.137
39.8 12.1
CID7 (1994) - 853.1 15.8 1.691 1.604 -0.087
( ) 36.3 7.0
ID7 (2007) - A 7. 1.691 1.424 -0.267
CID7 (2007) 853 67.9 69 0.26 1257 -
CID8 (1994) - 561.9 15.9 1.906 1.847 -0.059
( ) 18.8 3.6
CID8 (2007) - 561.9 54.5 1.906 1.587 -0.319
116.8 23.4
YNP2 (1988) D 2516.1 40.2 1.647 1.532 -0.115 47.2 11.0
YNP5 (1988) - 1222.3 74.4 1.436 1.384 -0.051
30.9 5.0
YNP6 (1988) D 404.1 56.9 1.412 1.337 -0.075
45.2 8.4
NCA3 (1987) D 1943.1 19.8 1.758 1.686 -0.072 335 45
NCA3 (2008) D 1943.1 26.9 1.758 1.623 -0.136
( ) 63.4 9.9

* Indicators represent that post-fire weather condition become drier (D), wetter (W) or remained same with
pre-fire condition (-).
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Figure 2.7 Results of the new analytical approach within the Budyko framework using Fu’s equation with long-
term average value of Elz5 and DI which were calculated using long-term average of each input variable (i.e. Q,
RNY, P) first to average-out the estimation errors reside in P. Numbers in bracelets indicate wildfire year. Open
circles and filled circles indicate long-term averaged water and energy balance for pre- and post-fire periods,
respectively. Continuous and dashed curves are fitted Fu’s equation using non-linear least square method for

pre- and post-fire periods, respectively. Red colored curve is a Fu’s equation for global Budyko curve with w =
2.6.
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The amount of increased post-fire annual water yield was most notable in CID5 (2007), CID7
(2007) and CID8 (2007), where long-term weather condition for post-fire period remains
similar to that of the pre-fire period (Figure 2.7; Table 2.3). These watersheds show impact
of wildfire without interaction of climate variability, whereas other watersheds experienced
both impacts of wildfire and alterations in post-fire climate condition. Watersheds CID1
(2006), CID7 (1994), CID8 (1994) and YNP5 (1988) become wetter during post-fire period
(Figure 2.5; Table 2.3). On the other hand, CIDO (1989), CID5 (2000), CID6 (2000), CID6
(2007), YNP2 (1988), YNP6 (1988), NCA3 (1987) and NCA3 (2008) had a drier post- than pre-
fire period, and their changes are larger than those in watersheds that become wetter
during post-fire period. Post-fire responses of annual water yield in each group support that
long-term post-fire weather wet or dry condition mitigated or enhanced the magnitude of
impact of wildfire according to the inherent mechanism of post-fire water and energy

balance within the Budyko framework, respectively.
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Figure 2.8 Comparison of post-fire changes in annual water yield (A; left) and empirical parameter (B; right)
estimated by the Budyko framework using Fu’s equation with (1) yearly time scale (x-axis) and (2) long-term

averaged time scale (y-axis) of flow-based evaporative index and dryness index.
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The study sites can be categorized as watersheds dominated by snowmelt (watersheds in
CID and YNP) or transient of snowmelt and rainfall (NCA3) (Supplementary Figure 2.6).
Snowmelt dominant watersheds show overwhelming delay for precipitation-runoff relationship from
October to June, and the watershed dominated by transient of snowmelt and rainfall (NCA3) shows
masked delayed effect due to significant of rainfall induced discharge with snowmelt discharge from
October to June. On the other hand, rainfall dominant watersheds (FLB) do not show snowmelt
discharge induced delay throughout water year. FLB (the Suwanee Swamp across Georgia and Florida)
was excluded in this study due to existence of undefined water sources (Supplementary Figure 2.7).
But, it is shown in Figure 2.9 to illustrate characteristic of water and energy balance of watersheds
categorized by dominance of water supply. Watersheds dominated by snowmelt and transient of
snowmelt and rainfall are located below the global mean Budyko curve while rainfall dominant
watersheds are located above the global mean Budyko curve. And, increase in post-fire annual water
yield was detected in dominated by transient of snowmelt and rainfall (NCA3) and snowmelt (CID
and YNP) whereas decrease in post-fire annual water yield was detected in rainfall dominant
watersheds (FLB). The latter is expected from our hypothesis that regrowth will start quickly in those

watersheds reducing Q.
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Figure 2.9 Budyko framework using Fu’s equation with long-term averaged flow-based evaporative index (Elzz)
and dryness index (DI) for pre- and post-fire periods in burned watersheds. Numbers in bracelets indicate
wildfire year. Burned watersheds were categorized based on water supply source that dominated by (1) rainfall
(FLA and FLB; brown) and (2) snowmelt (CID and YNP; blue) and transient of snowmelt and rainfall (NCA3)
considering double mass curve of cumulative precipitation and annual water yield (Supplementary Figure 2.6).

5 Conclusions

The Budyko framework has long been applied for the analyses of post-external disturbance
(i.e. forest harvest, climate change, dam regulation, irrigation, etc.) response of water and
energy balance but wildfire has not been considered as an external disturbance yet. This
study employed the Budyko framework for the assessment of the impact of wildfire and
interaction of post-wildfire weather condition in large watersheds at both yearly and pre and
post-wildfire time scales. It presented an alternative method for the assessment of post-
wildfire response of Q especially in large watersheds (500 ~ 8,000 km?) where data is limited
and selecting control-paired watershed is challenging. We suggested a flow-based
evaporative index (Elrg; 1-Q/P) instead of traditional evaporative index (EI; AET/P) with
steady-state condition. The model with Elzz showed better performance than EI for the
Budyko framework using Fu’s equation in spatial scale of watersheds ranges from several

hundreds to thousands of square kilometers.
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Although, the impact of wildfire was statistically significant and increased Q in 2 out of 10
analyzed watersheds, post-wildfire response of Q estimated by both long-term and yearly
time scale approaches showed good agreement and an increase in post-wildfire Q in all but
one watershed, which experienced fast regrowth right after wildfire. The model also
highlighted the significance of post-wildfire weather condition, which has been observed in
previous studies. The Budyko framework supported the observation-based finding that
wildfire-induced changes in Q are less detectable in watersheds with wetter post- than pre-
wildfire conditions but more detectable for the inverse weather conditions. Because of this
weather-trend dependence, detection of a general trend in large watershed has been

difficult besides the limitation in data.
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Appendix A: Supplementary Material for Chapter 1

Tables

Supplementary Table 1.1 Gauges station name for Table 1.1. Shaded rows indicate burned watersheds.

Site Watershed ID Gauge ID Station Name
0 13235000 South Fork Payette River at Lowman, ID
1 13237920 Middle Fork Payette River near Crouch, ID
2 13295000  Valley Creek at Stanley, ID
3 13296500  Salmon River below Yankee Fork near Clayton, ID
CID
5 13309220 Middle Fork Salmon River at Middle Fork Lodge near Yellow Pine, ID
6 13310199 Middle Fork Salmon River at Mouth near Shoup, ID
7 13310700  South Fork Salmon River near Krassel Ranger Station, ID
8 13313000 Johnson Creek at Yellow Pine, ID
0 06037500 Madison River near West Yellowstone, MT
1 06043500 Gallatin River near Gallatin Gateway, MT
2 06186500 Yellowstone River at Yellowstone Lake outlet, YNP
YNP 5 13010065 Snake River above Jackson Lake at Flagg Ranch, WY
6 13011500 Pacific Creek at Moran, WY
7 13011900 Buffalo Fork above Lava Creek near Moran, WY
10 06280300 South Fork Shoshone River near Valley, WY
0 11517500 Shasta River near Yreka, CA
1 11519500  Scott River near Fort Jones, CA
NCA
2 11520500 Klamath river near Seiad Valley, CA
3 11522500 Salmon River at Somes Bar, CA

Supplementary Table 1.2 Long-term average values of annual baseflow index of burned watersheds.

Watershed CIDO CiD1 CID6 CID7 CID8 YNPO YNP6 NCA3

mean BFI 0.45 0.36 0.40 0.43 0.45 0.75 0.43 0.28




Supplementary Table 1.3 All results of linear regression models of the paired watersheds. Bold numbers
represent statistically significant coefficients (confidence level>90%).
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Linear Regression Model

Control Burned

Site  Water Watershed Estimation

shed (Fire year) Intercept a b DF p-value Adj. R?
[m3/s] [-] [m3/s]

0(1989) 0.52 3.98 1.24 41 <2.2E-16 0.954
1(2006) -3.70 3.03 -1.91 12 2.62E-06 0.863
6 (2000) 3.28 13.76 -1.98 11 4.00E-15 0.997
2 6 (2007) 2.34 13.91 5.82 11 2.89E-08 0.950
7 (1994) -1.42 2.88 0.46 17 1.20E-14 0.974
7 (2007) -1.50 2.89 1.53 11 6.20E-08 0.942
8(1994) 0.17 1.71 0.05 34 <2.2E-16 0.948
A 8(2007) 0.57 1.64 1.06 28 <2.2E-16 0.921
o 0(1989) -0.15 0.83 0.55 49 <2.2E-16 0.953
1 (2006) -3.53 0.62 -2.67 11 8.81E-07 0.906
5 (2000) -8.55 1.84 1.19 10 4.81E-10 0.984
3 5(2007) -7.40 1.79 0.36 10 4.94E-09 0.974
7 (1994) -3.21 0.64 0.97 19 1.41E-14 0.962
7 (2007) -2.76 0.63 1.12 19 9.69E-14 0.953
8(1994) -0.84 0.37 0.37 42 <2.2E-16 0.936
8 (2007) -0.74 0.37 1.09 42 <2.2E-16 0.930
0(1988) 6.38 0.35 -0.28 47 4.53E-07 0.440
1 2(1988) 2.48 1.50 1.02 55 4.55E-10 0.526
5(1988) -3.27 1.24 -0.12 27 5.76E-07 0.630
6 (1988) -0.70 0.33 0.58 54 2.33E-07 0.411
0(1988) 7.67 0.52 -1.06 34 5.24E-09 0.655
o 7 2(1988) 1.92 241 0.92 43 <2.2E-16 0.902
= 5(1988) -0.33 1.70 0.77 28 1.88E-14 0.888
6 (1988) -2.15 0.61 0.73 43 <2.2E-16 0.841
0(1988) 9.15 0.49 -0.53 42 1.26E-04 0.317
10 2(1988) 2.45 3.08 0.59 51 <2.2E-16 0.819
5(1988) 5.05 1.68 1.10 28 1.30E-05 0.520
6 (1988) -1.31 0.73 0.62 51 1.34E-13 0.675
0 3(1987) 2.02 9.58 -1.19 56 <2.2E-16 0.833
3 (2008) -0.68 10.05 8.39 40 <2.2E-16 0.849
< 1 3(1987) 10.88 2.28 1.07 56 <2.2E-16 0.956
s 3 (2008) 11.29 2.26 6.30 40 <2.2E-16 0.955
2 3(1987) -0.19 0.46 5.89 54 <2.2E-16 0.876
3 (2008) 0.16 0.46 12.04 38 <2.2E-16 0.880
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Supplementary Table 1.4 Changes in landcover composition during post-fire period. CID5(2000), CID5(2007),
CID7(1994), CID8(1994), YNP2(1988), YNP5(1988), NCA3(1987) were omitted where impact of wildfire (b) was

statistically insignificant.

Watersheds CIDO CiID1 CID6 CID6 CID7 CiD8 YNP6 NCA3
(Wildfire year) (1989) (2006) (2000) (2007) (2007) (2007) (1988) (2008)
1992 2006 2001 2006 2006 2006 1992 2006

Changes in NLCD
~2011 ~2011 ~2006 ~2011 ~2011 ~2011 ~2011 ~2011
Water body [%] 0.59 0.0 0.0 0.0 0.0 0.0 -0.46 0.0
Developed [%] 0.36 0.0 0.0 0.0 0.0 0.0 0.0 0.01
Barren area [%] -18.67 0.0 0.01 0.0 0.0 0.0 -23.99 0.01
Tree [%] -8.80 -3.53 -1.60 -5.62 -21.93 -17.07 -6.93 -0.07
Shrub [%] 15.31 1.77 3.83 1.26 2.68 3.63 37.73 0.05
Grass and crop [%] 9.97 1.76 -2.23 4.36 19.26 13.44 -7.90 0.02
Wetland [%] -0.11 0.0 0.0 0.0 -0.01 0.0 1.54 0.0
Relative changes in Q [%] 5.5 -17.9 -3.8 6.4 9.5 10.7 11.1 27.1
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Supplementary Table 1.5 Calculations for the analytical model for the post-fire response in annual water yield.

Input variables

Relative changes in annual
water yield (AQ/Qpye) [%]

Watersheds
Eq. S6
(wildfirevear) | c il Elpgpre  cl] Pere  Qere 1oy PWA Eq. 4

’ [mm/yr]  [mm/yr] (k=

0.2)

CIDO (1989) 0.542 0.410 0.594 1113.1 656.4 8.80 5.5 6.0 6.7

CID1 (2006) 0.775 0.534 0.594 761.3 354.9 3.53 -17.9 2.0 3.3

CID5 (2000) 0.599 0.561 0.594 1054.9 462.8 0.57 3.7 0.1 0.5

CID5 (2007) 0.599 0.561 0.594 1054.9 462.8 7.62 1.6 1.4 6.1

CID6 (2000) 0.589 0.593 0.594 923.5 375.9 1.60 -3.8 0.01 13

CID6 (2007) 0.589 0.593 0.594 9235 375.9 5.62 6.4 0.04 4.4

CID7 (1994) 0.838 0.514 0.594 1001.8 486.8 4.41 6.7 4.5 4.3
CID7 (2007) 0.838 0.514 0.594 1001.8 486.8 21.93 9.5 22.3 21.6

CID8 (1994) 0.815 0.554 0.594 1084.2 483.4 7.30 3.0 3.5 7.0
CID8 (2007) 0.815 0.554 0.594 1084.2 483.4 17.07 10.7 8.3 16.4
YNP2 (1988) 0.490 0.489 0.594 976.9 498.8 13.72 2.5 5.5 10.1

YNP5 (1988) 0.426 0.401 0.594 989.1 592.9 1.07 1.6 0.6 0.8

YNP6 (1988) 0.491 0.391 0.594 910.0 554.3 6.93 111 4.5 5.1
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Figures
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Supplementary Figure 1.1 Estimation of the empirical coefficient of evaporative capacity of forest (c) of study
sites by extrapolating the flow-based evaporative index for a watershed that is fully covered by forest (F = 1)
thus ¢ = Elp_, = 0.5941.
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Supplementary Figure 1.2 All results of linear regression models between burned watersheds (y-axis) and
control watersheds (x-axis) (pairs that wildfire impact is insignificant (no fire effect) are excluded from
Supplementary Table 1.3). B-Site# and C-Site# indicate burned and control watersheds of each site, respectively.
Continuous line and dash line indicate linear regression of paired water yield of pre- and post- wildfire,
respectively.
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Equations
Relative changes in annual water yield after wildfire (AQ/Qp) is defined as Equation S1.

AQ — onst_Qpre (Sl)

Qpre Qpre
where, Q. and Qs are annual water yields for pre- and post-fire periods, respectively.
Equation S1 can be expressed as Equation S2 by substituting Equation 1.2 and Equation 1.3
into Equation S1.

AQ _ P—(F-m)cP—{1-F+m}kcP—P+FcP+(1-F)kcpP
Qpre - P—FcP—(1—-F)kcP

(52)

Where, ET; = cP and ET, = KET; = kcP. P is a generic precipitation, which is the same
over the watershed to measure the response via the change in landcover composition. If the
major cover is forest and short vegetation including shrub, grass and crops then the overall
response is due to the change in forested area. Thus, right-hand side of Equation S2 can be
divided by P, then Equation S2 can be simplified as Equation S3.

AQ mc—mkc (53)
Qpre  1-Fc—kc+Fkc

Equation S3 can be expressed as a function of permanent tree mortality (m), which depicts
the hypothesis of this study that changes in evapotranspiration due to permanent tree
mortality is one of key factors for the post-fire response of annual water yield (Equation S4):

AQ _ m{ c—kc } (54)

Qpre 1-Fc—kc+Fkc

Equation S4 can be re-arranged as Equation S5 by adding “+c-c” in denominator.

80 _ m{ c(1-k) } _ m{ c(1-k) } (S5)

Qpre —Fc+Fkc+1—kc+c—c —Fc(1-k)+c(1-k)+1-c

Numerator and denominator of Equation S5 can be divided by c(1 — k) and then written as:

AQ _ 1
e {—1_F+ = } (S6)

c(1-k)
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Equation S6 supports the hypothesis of this study that post-fire response in annual water
yield will be determined by changes in capacity of evapotranspiration of a burned watershed
(c and k) due to changes in landcover composition after wildfire (F and m). However, it is
difficult to estimate the relative efficiency of evapotranspiration of short vegetation (k),
which is site-specific empirical parameter. Thus, Equation S6 is required to be written with

other variables that are easier to estimate than the k.

To replace k with other variables such as annual water yield and precipitation, let’s recall the
relationship between total evapotranspiration (left-hand side of Equation S7) and
evapotranspiration via forest and short vegetation (right-hand side of Equation S7).

ETyre = ETf + ETy = FcByre + (1 — F)KCPyy, (S7)

Equation S7 can be divided by P (Equation S8).

ET;’T‘? = Ely, = Fc + (1= F)kc = Fc + kc — Fkc (S8)

Equation S8 can be substituted into Equation S4 (Equation S9).

L {M} (S9)

Qpre 1—E1pre
And, water budget under steady-state condition is written as Equation S10.
Ppre = ETpre + Qpre (510)

Equation S7 can be substituted into Equation S10 (Equation S11)

Pyre = CPye(F + k — Fk) + Qpre (s11)
Flow-based evaporative index (1 — Qpye/Ppyre) corresponds to Ely,,., under steady-state
condition. To define flow-based evaporative index from Equation S11, let’s transpose Q. to
the left-hand side and divide Equation S11 by P,,.. then:

1-2r — Bl = c(F + k — Fk) (512)

Ppre
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Equation S12 can be re-arranged for c (Equation S13).

— EIPTE — Elpre
€= Frk—rk 1-(1-F)(1-k) (S13)

Equation S13 can be written for (1 — k) (Equation S14).

. _ (1 _Elpre\ 1 _ c=Elpre 1 _ c=Elpre
1-k= (1 c )1—F T ¢ 1-F  c(1-F) (514)

Equation S14 can be substituted into Equation S9 then the k will be removed from the

equation of relative changes in post-fire annual water yield (Equation S15).

A _ c c—EIpre} _ { C—Elpre }: 1 1
Qpre m{l_EIpre c(1-F) m (1_Elpre)(1_F) m 1—Elpre(1_F) (S 5)

c—EIpre

El,.. from Equation S15 was defined as flow-based evaporative index (1 — Qe /Ppyre).
Equation S15 can be expressed with @,y and By, instead of El,,., through substitution of

flow-based evaporative index into Equation S15 (Equation S16).

AQ 1 _ 1
=m Qpre - m{(l—F) Qpre } (516)

Qpre 1-F)—F/——————=
( )P{ < Qpre)} CcPpre—Ppret+Qpre
1525
Ppre

Equation S16 can be simplified as Equation 1.4.

AQ Ppre(C_1)+Qpre} {Ppre (c-1) 1 }
= —_——— — — — —_— 4
Qpre m{ Qpre(l_F) m Qpre (1—F) + 1-F ( )

From Equation 1.4, the term By, — cP,; is the amount of water released by the watershed
(Qrorest) if it is fully covered by forest (F = 1), thus Equation 1.4 could be interpreted as

Equation S17.

AQ — Qpost—CQpre _ i{M} (517)
Qpre Qpre 1-F

Qpre
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Appendix B: Supplementary Material for Chapter 2

Supplementary Table 2.1 Gauges and station name of burned watersheds.
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Site WatTgShed Gauge ID BFI Station Name
0 13235000 0.45 South Fork Payette River at Lowman, ID
1 13237920 0.36 Middle Fork Payette River near Crouch, ID
D 5 13309220 0.38 Middle Fork Salmon River at Middle Fork Lodge near Yellow Pine, ID
6 13310199 0.40 Middle Fork Salmon River at Mouth near Shoup, ID
7 13310700 0.42 South Fork Salmon River near Krassel Ranger Station, ID
8 13313000 0.45 Johnson Creek at Yellow Pine, ID
0 06037500 0.75 Madison River near West Yellowstone, MT
2 06186500 0.48 Yellowstone River at Yellowstone Lake outlet, YNP
YNP 5 13010065 0.45 Snake River above Jackson Lake at Flagg Ranch, WY
6 13011500 0.43 Pacific Creek at Moran, WY
NCA 3 11522500 0.28 Salmon River at Somes Bar, CA

Supplementary Table 2.2 Linear regression models of the representative paired watersheds considering the
fitting power (adjusted R?) in case of more than one control watersheds for each burned watershed. Bold
numbers represent statistically significant coefficients (confidence level>90%). DF indicates number of data

points used for regression model.

Control

Linear Regression Model

Burned

Estimation

Site Water- Watershed

shed (Fire year) Intercept a b DF p-value Adj. R2
[m3/s] [-] [m3/s]
0(1989) 0.52 3.98 1.24 41 <2.2E-16 0.954
2 6 (2000) 3.28 13.76 -1.98 11 4.00E-15 0.997
6 (2007) 2.34 13.91 5.82 11 2.89E-08 0.950
CID

1(2006) -3.53 0.62 -2.67 11 8.81E-07 0.906
3 7 (2007) -2.76 0.63 1.12 19 9.69E-14 0.953
8(2007) -0.74 0.37 1.09 42 <2.2E-16 0.930
YNP 7 6 (1988) -2.15 0.61 0.73 43 <2.2E-16 0.841
NCA 1 3 (2008) 11.29 2.26 6.30 40 <2.2E-16 0.955
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Supplementary Table 2.3 Summary of Budyko framework using linear equation (EI = (k + Ak) X DI) with
evaporative index (AET /P) and dryness index (RNY /P) from 1984 to 2014. Bold numbers indicate statistically
significant estimations with 90% of confidence level rejecting a null hypothesis that kp,rorire = Kpostrire-
Negative and positive difference between post-fire and pre-fire, A, indicate increase and decrease in annual
water yield after wildfire, respectively.

Watershed Burned k Adjusted R?
(wildfire year) Area [%] Pre-fire Post-fire Ak Pre-fire Post-fire
CIDO (1989) 16.9 0.344 0.340 -0.004 0.995 0.997
CID1 (2006) 16.5 0.406 0.408 0.002 0.997 0.996
CID5 (2000) 20.6 0.362 0.352 -0.010 0.996 0.992
CID5 (2007) 15.0 0.362 0.319 -0.043 0.996 0.997
CID6 (2000) 17.5 0.353 0.343 -0.010 0.996 0.990
CID6 (2007) 125 0.353 0.308 -0.045 0.996 0.996
CID7 (1994) 15.8 0.340 0.338 -0.002 0.997 0.995
CID7 (2007) 67.9 0.340 0.323 -0.017 0.997 0.997
CID8 (1994) 15.9 0.359 0.363 0.004 0.997 0.994
CID8 (2007) 54.5 0.359 0.330 -0.029 0.997 0.998
YNP2 (1988) 40.2 0.426 0.418 -0.008 0.998 0.998
YNP5 (1988) 74.4 0.376 0.344 -0.032 0.998 0.996
YNP6 (1988) 56.9 0.375 0.354 -0.021 0.996 0.998
NCA3 (1987) 19.8 0.4445 0.4447 0.0002 0.998 0.997
NCA3 (2008) 26.9 0.4445 0.430 -0.015 0.998 0.997
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Supplementary Figure 2.1 Annual water yield (Q [m3/s]; blue-line) and cumulative percent burned area (F [%];
red-dot) of the study sites CID. Vertical reference lines indicate major wildfire years. 16.9% of CIDO was burned

in 1989; 16.5% of CID1 was burned in 2006; 20.6% and 15.0% of CID5 was burned in 2000 and 2007; 17.5% and
12.5% of CID6 was burned in 2000 and 2007; 15.8% and 67.9% of CID7 was burned in 1994 and 2007; and 15.9%
and 54.5% of CID8 was burned in 1994 and 2007.
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Supplementary Figure 2.2 Annual water yield (Q [m3/s]; blue-line) and cumulative percent burned area (F [%];
red-dot) of the study sites YNP. Vertical reference lines indicate major wildfire years. 40.2% of YNP2, 74.4% of

YNP5 and 56.9% of YNP6 were burned in 1988.
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Supplementary Figure 2.3 Annual water yield (Q [m3/s]; blue-line) and cumulative percent burned area (F [%];

red-dot) of the study sites NCA. Vertical reference lines indicate major wildfire years. 26.9% of NCA3 was

burned in 1987 and 2008.
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Supplementary Figure 2.7 Budyko framework using linear equation with evaporative index (AET /P) and
dryness index (RNY/P) from 1984 to 2014 in burned watersheds where wildfire effects on annual water yield
were statistically significant from paired watershed analysis. Numbers in bracelets indicate wildfire year. Open
circles and filled circles indicate scatter between El and DI during pre- and post-fire period, respectively.
Continuous and dashed lines are fitted linear equation (EI = (k + Ak) X DI) using least square method for
pre- and post-fire period, respectively. k and Ak are empirical parameter of the linear model for the water and
energy balance and wildfire induced changes in empirical parameter, respectively. Red colored curve is a Fu’s
equation for original Budyko framework with w = 2.6.



06 08 1.0

0.4

Eaf%poralive Index (AET/P)

Evaporative Index (AET/P)
00 02 04 06 08 1.0 0.0

1.0

0.8

dex (AET/P)
0.6

Evaporative In
0.0 0.2p 0.4

- CID6 (2000)

—e— PreFire (~2000)

-*- PostFire (2001 ~ 2007)
7 — Budyko EQN(w = 2.6)

T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Dryness Index (RNY/P)

4 CID7 (2007)
Kprefire=0.340
i o ',-":
o ,,"‘/kposrfi1'e=0-323
i 7
—&— PreFire (~1994)
-#*- PostFire (2008 ~ 2014)
T —— Budyko EQN(w = 2.6)

T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Dryness Index (RNY/P)

1 YNP2 (1988) =
lprefire=0.426
0/ .‘
i ? Kpostrire=0.418
®

—e— PreFire (~1988)

-#*- PostFire (1989 ~ 2014)
i —— Budyko EQN(w = 2.6)

T T T T T T
0.0 0.5 1.0 1.5 2.0 25

Dryness Index (RNY/P)

06 08 1.0

0.4

Evaporative Index (AET/P)
02 04 06 08 1.0 0.0 0.2

Evaporative Index (AET/P)

0.0

dex (AET/P)
06 08 1.0

0.4

Evaporative In
02

0.0

92

CID6 (2007)

—e— PreFire (~ 2000)
-®- PostFire (2008 ~ 2014)
— Budyko EQN(w = 2.6)

0.0

05 10 15 20 25

Dryness Index (RNY/P)

- CID8 (2007)

Kkprefire=0-359 _.""

o,

Q
® Kpostfire=0.330

—e— PreFire (~ 1994)
-#- PostFire (2008 ~ 2014)
—— Budyko EQN(w = 2.6)

0.0

05 10 15 20 25
Dryness Index (RNY/P)

1 YNP5 (1988)

prefire=0.376 /“-
o

D’.”
o kposrfi:‘e:0-344

—e— PreFire (~ 1988)
-*- PostFire (1989 ~ 2014)
— Budyke EQN(w = 2.6)

0.0

05 10 15 20 25
Dryness Index (RNY/P)

Supplementary Figure 2.7 Continue.



1.0

0.6

0.4

Eaf%poralive Index (AET/P)

0.0

0.8

YNPG6 (1988)

—e— PreFire (~ 1988)

93

1.0

NCA3 (1987)

Kpostfire=0.4447

04 06 08

Evaporative Index (AET/P)

0.2

Kprefire=0.4445

—e— PreFire (~ 1987)
PostFire (1988 ~ 2008)
— Budyko EQN(w = 2.6)

-+~ PostFire (1989 ~ 2014) o .-
— Budyko EQN(w = 2.6) P
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0
Dryness Index (RNY/P) Dryness Index (RNY/P)
‘C_)- - NCA3 (2008) !
kprefire=0-445 £
8 oo .
o]
lélt'l © - kg:mt}'ire:o-a?’o
5@ /
c /
® P
R o
§° ,
o
2~
o
| o
—e— PreFire (~ 1987)
o -#- PostFire (2009 ~ 2014)
o Budyko EQN(w = 2.6)
0.0 0.5 1.0 1.5 2.0 2.5

Dryness Index (RNY/P)
Supplementary Figure 2.7 Continue.

25



94

_ e CIDO 400 cp1
B =
3 y-o01s16¢- 14064 £ 3% y=01207x-106.21
£ 200 R?=0.3096 @ E 200 R% = 0.0458
w . & A0 y o
a 100 & 9_&- - a 100 <&
g o #6880 o g o g8
> e 7 <>
g < < o & VO
£ -100 o ¢ £ -100 &
i =4 c
o -200 - -200
@ [
£ .300 £ -300
2 2
U 400 - ; ; ; ; | O 400
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Precipitation [mm/yr] Precipitation [mm/yr]
400 CID5 400
—_ y=0.3107x- 154.16 —_ CiD6
S 300 - Rz 0.3344 T 300 - ¥=03361x-129.35 o
T : T R1=05684 & o @
£ 200 E 200 o +
g 100 2 100 f
o [i] g 0 <
¥ &
G -100 - S -100
ﬁ w
£ -200 £ 200
w g
% -300 ® -300
£ 2
2 00 - + - P— PR - G -400 +
© 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Precipitation [mm/yr] Precipitation [mm/yr]
200 cp7| 0 _ cipg
T 300 T 300 V=0289x-12928 & -
S = R2=0.4722 QQ‘E/
E 200 y=01723x-747% % oo E 200 o8 s o*
2_ = ¢
g 100 RE=ol678 300949 g 10 T
N ; <
% 0 N %00 g o % <
e
§ -100 < § -100
£ 200 - £ -200
o a
g,, 300 g -300
[}
S -400 G -400
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Precipitation [mm/yr] Precipitation [mm/yr]
400 YNP2 400 YNP5
S 300 v =0.3415x-329.54 T 300  V=0.1692x-198.08
= R?=0.4836 S R?=0.181
E 200 - 200
E £
- (e} o0
g 1 Do e, g o 0P 0 ®
o 0 O, . g 0 e - >
g 5 § SO
5 -100 - o S -100 @ oo
a ] o
£ -200 - £ -200 o
(%] w
o -300 S -300
s 3
2 -400 g .400 ' ' .
© 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Precipitation [mm/yr] Precipitation [mm/yr]
400 YNPE | 4% NCA3
T 300 y =-0.0323x-38.474 5 300 y=0.1491x - 117.07 & <
T 200 R?=0.004 E L0 R?=0.2422 < o * o —
E E COUNS e
4 100 - & 3 100 & PO g%{ .
e X 0% . Aty 00 .
g ° % g oo C
£ S - o < .
g 100 2 P § 100 o o
c ] -_
< 200 Co # g 200
> -300 2 300
|3 2
& -400 U -400
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Precipitation [mm/yr] Precipitation [mm/yr]
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Supplementary Figure 2.9 Double mass curves of cumulative precipitation and annual water yield of monthly
mean value through the study period (WY 1980 ~ WY 2014).
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Supplementary Figure 2.10 Budyko framework using Fu’s equation with yearly time scale of evaporative index
(AET/P) and dryness index (RNY/P) (Top panel) and with yearly time scale of flow-based evaporative index (1-
Q/P) and dryness index (RNY/P) (bottom panel).



