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Abstract

General Circulation Models suggest a future climate of warmer and possibly drier summers in the
boreal forest region, which could change fire regimes in high latitudes. Thunderstorm development is a
dominant factor in the continental boreal forest fire regime, through its influence as a fire starting
mechanism. Global Climate Change research has identified the land-atmosphere interface as a vital area of

needed research in order to improve our predictions of climate change.

This dissertation has focused on the development of thunderstorms and lightning strike activity in a
boreal forest region in Interior Alaska and on how the underlying surface can influence their development. I
have examined the distributions and correlations between lightning strikes, thunderclouds, thunderstorm
indices (CAPE and LI}, elevation, and vegetation variables in Alaska. The relationships were examined at
scales ranging from the Interior region of the state to individual wildfire burn scars, and at temporal scales
ranging from annual to daily. The objective is to understand the influential factors and processes
responsible for thunderstorm development in Alaska, such that we may produce well-founded predictions

on future thunderstorm regimes caused by a changing climate.

The scale-related studies of this dissertation show that both processes and important
variables for development of thunderstorms and lightning activity vary within and between the scales. It
appears that on the larger scales, the combined effects of boreal forest and elevation on increased lightning
strike activity were more prevalent than at the smallest scale (local). When the scale gets too small for the
boundary layer to be affected (<10km), land surface effects on lightning cannot be. My results suggest that
the underlying surface (in the form of areal forest coverage and vegetation) has more of an influence on

convective development on days with airmass storms than on days with synoptic storms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v

Table of Contents

SIENAture Page . ... ..o i
Tt Page . . o ii
ADSITACT .t e e e 1ii
Table Of COmIENES . . . ...ttt iv
st Of Fgures . ..o e X
List Oof Tables .. .. v e e xi
AcKnOWledgments . . ... . e e e XV
Chapter 1. General Introduction . .. ... ... . i i i e e e e 1

LI Literature Cited . ... oo o e 3

Chapter 2. Spatial Patterns of Lightning Strikes in Interior Alaska and their Relations to

Elevation and Vegetation. .. ... ... . it it e it 7
ADSHaCt . oo e 7
2.0 I000dUCHION . . oot e 7
2L L OBJECHVES . ..ottt e e e 12
2.2.80dy ATEa . ..o e e e e 12
2.2.1 Alaska Thunderstorm Characteristics ... ...... ..o uuiniuninnn s, 13
T D .+ S 14
2.3.1 Lightning Detection and Protection NetworkData . .. ..................... 14
23 2GIB DAt . .o e 16
24, Methods ... o e 16
2.4.1 Regional Scale (Interior Alaska) . ........ ... ... .. ... ... .. .. ... ... 17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4.2 Mesoscale (Longitudinal Transects) ........... ... ..o, 17
2.4.3 Local Scale (Physiographic Regions) .......... .. ... .. .. .. i i, 18
244 Statistical Analysis ... . 18
245 Proxdmity Study ... 19
2 S RESUIS L. e e 19
2.5 1 Interior Region ... ... . e 19
2.5.2 Longitudinal Transects . ...t e 20
2.5.3 Physiographic Regions .. .......... ... . i 21
2.6, DHSCUSSION &« vt ottt et e e e e e 21
27.C0onCIUSIONS . . . ..o e 26
2.7.1 Regional Scale (Interior Alaska) . . ... ... .. .. . i 26
2.7.2 Mesoscale (Longitudinal Transects) . ............. . ciiiu ... 26
2.7.3 Local Scale (Physiographic Sub-regions) .. .............. ... ... ... .. 26
2.7.4 Overall Interpretation and Suggestions for Future Work ................... 27
2.8 Acknowledgments . . . .. .. . e e e 27
2.9. Literature Cited . ... ..o e 28

Chapter 3. A potential mechanism for wildfire-feedback in Alaskan boreal forest:

do burn scars increase lightning activity 7 . ... ... . ... e 42
ADSITACT . . oot e 42
31 Inoduction . . .. 43
3.2 Objective and research approach . ........... . ... .. . 46
T TR s ¢ 47
4. DAt L e e 48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34.01. Satellitedata . ... 48

342 Burnscardata . ... e e 49

343 Lightning data . ... ... . e e 49

3.4.4. Synoptic weather maps and atmospheric soundings ...................... 50

35. Methods ... o e 51
3.5.1. Changes in lightning activity ........ . ... ... i 51

3.5.2. Radiant temperature (AVHRR and Landsat ETM) ............. ... ...... 52

3.5.3. Multiple Regressions . ........oouutiriein i 54

3.54. Cloud IMaging . .. ..ottt e e e 54

3.6, RIS L L e 55
3.6.1. Lightning strike data (1986-99) - changes in activity over time. ............. 55

3.6.2. Radiant temperature: AVHRR and Landsat ETM ........................ 56

3.6.3. Multiple regression ... ... ... 56

3.6.3.1. Scar Lightning ... .. 56

3632 Buffer Lightning ........ ... .. ... i 57

3.04. Cloud IMaging .. ..... ottt e e 58

3.6.4.1. Case Study 1 (24 June 2000, 10:00AM AST). .................. 58

3.6.4.2, Case Study 2 (29 June 1991 10:00AM AST). .................. 59

37 DISCUSSION o ottt et e e e s 60
3.7.1. Study Constraints . ... ..ottt e 64

3.8, ConCIUSIONS . .. .ottt e e s 65
39 Literature cited: . ... ... 66
Chapter 4. Thunderstorm Activity in Interior Alaska for the Summer of 2001 .. ... .. ... ... .. .. 93
ADSITaCt . o e e e 93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vil

4.0 Introduction . . . ... i 94
4.1.a Background .. ... 96

4.2, StUAY AT88 . ..ot e e 98
43 . Methods ... .. e 99
43a Lightningdata ....... . ... i 99

43b. Satellite data ... . e 160

4.3.c. Elevation and vegetationdata .......... . ... .. ... . i, 100

4.3.d. Meteorological data . ...... ... ... .. 101

DY CAPE . e e 102

) I 102

43.e. CAPEand LIclimatology ....... ... 102

4.3 f Thundercloud analysis . ............ . . .t 103

4.3.g. Lightning strike climatology ........ ... . . . 104

4.3 Statistical analysis . ... . . 104

44 ResulS . L. 105
4.4.a. Seasonal variations in CAPEand LI .. ... .. ... .. ... ... .. ... ... ... 105

4.4.b. Seasonal variation in thundercloud occurrence ......................... 107

4.4.c. Seasonal variation in lightning strike distribution ............... .. ... .. 107

4.4.d. Regression analysis . ... ..... ...ttt 108

4.5, DISCUSSION . o o .ottt e 110
4.6, SUITHNIATY . . oottt ettt e e e e et e e e e e 114
4.7. Acknowledgments . . ... ... e 116
48 REfErenCces . . . ... e 116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



viii

Chapter 5. General ConcIUSIOnS . . .. ... ..o e e e 143
5.1. A hierarchy of spatial scales . ............ ... . ... . ... . [ 143

5.2 ASSUMPLIONS ..o\ttt e e 146

5.3. Alaska lightning strike climatology . . ... ... ... o i 148

5.4. Future under a changing climate . ... ... .. ... . . . i 149

540 CAPE | 150

5.4.2, Treeline eXpansion . .........i.iiuitrn i 151

5.4 3. FIre SBVEIILY .« .ot e 152

54.4. Lengthoffireseason ......... ... i 152

5.5. Suggestions for future work ... ... . e 153

5.6. Literature cited

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures
Figure 2.1. Interior Alaska, the area south of the Brooks Range and North of Alaska Range. . ......... 34
Figure 2.2. Vegetation distribution in Interior Alaska. . ......... .. .. ... ... .. . 34
Figure 2.3. Physiographic regions within Interior Alaska. . ....... ... ... ... ... ... . ... 35

Figure 2.4. Mean (1986-99) lightning strike density per km® divided into elevation interval (100m) for

Interior Alaska (dark triangles). ... ... L 35
Figure 2.5.Mean (1986-99) tundra lightning strike density (perkm?®).. ........ ... ... .. ... ... .... 36
Figure 2.6.Mean (1986-99) forest lightning strike density (perkm®). ...........ccvvviiiinnn.... 36

Figure 2.7.Mean (1986-99) lightning strike density (per km?) as a function of the longitudinal transects.. 37

Figure 3.1. The location of the Yukon Flats study region in the Eastern part of Interior Alaska. ....... 74
Figure 3.2. Acreage of historic burns inthe Yukon Flats.. .. ......... ... ... .. ... ... ... 74
Figure 3.3. Time series of Cloud to Ground-lightning strikes in the Yukon Flats from 1986-1999. ..... 75
Figure 3.4. Yukon Flats study area and the 13 selected wildfire burn scars.. ....................... 75
Figure 3.5. Normalized lightning strike density at the burn scars, buffers, and control areas. .......... 76

Figure 3.6. Time series of radiant temperature derived from AVHRR (1989-99 data) and Landsat ETM

(1991-2001) satellite IMaES. . . .\ o vt ettt e e e e 76
Figure 3.7. Cloud “chasing” image number 1. Image is from June 24 2000. ....................... 77
Figure 3.8. Terrain features and rivers within the area represented in figure 3.7 and surroundings. .. ... 77
Figure 3.9. Cloud “chasing” image number 2. Image is from June 29 1991, . ...................... 78

Figure 3.10. Terrain features and rivers within the area represented in figure 3.9 and surrounding area. . 78

Figure 3.11. Conceptual model of the initiation of a NCMC across a burn scar boundary in the early post-
fITE STUCCESSION SIAZES . o\ o ot ittt ettt et e e e 79

Figure 3.12. The wildfire burn scar mosaic of the Yukon Flats, showing our selected 13 scars along with

historic scars from 1950-1090. . .. . i 79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.1. Annual lightning variation in Interior Alaska. .......... ... ... .. ... . ... ... ... 124
Figure 4.2. Atmospheric sounding shown on a skew-T diagram ......... ... ... ... ........... 124
Figure 4.3. The Alaska study area, including the physiographic regions used for geographical reference
DUEPOSES. .t ittt et e e e e e e e e 125
Figure 4.4, The analysis was conducted for six longitudinal sectors, which follow a climatological gradient
from continental 0 MArItIME ... . ... .. i e 125

Figure 4.5. The hour of maximum lightning activity for the 2001 season in Alaska and north of the Arctic

CIrCle (007N .ttt 126
Figure 4.6. Construction of data sets used for linear regression .............. .. .. oo, 126
Figure 4.7a and 4.7b. Seasonal spatial distribution of CAPE for the summer 0of2001 .............. 127
Figure 4.8a and 4.8b. Seasonal spatial distribution of LI for the summer of 2001 .. ........ ... ... .. 128
Figure 4.9a and 4.9b. Seasonal spatial distribution of thundercloud occurrences for the summer of 2001
.................................................................................. 129
Figure 4.10a and 4.10b. Seasonal spatial distribution of lightning strikes for the summer of 2001 ... .. 130
Figure 4.11a-f. Coefficient of determination (12) results from the multiple regression analysis ....... 131
Figure 4.12a-f. Lightning strike distribution by 6-hourly periods for the 2001 lightning season . . ... .. 132
Figure 4.13. Precipitation (a) and temperature (b) data from 8 Interior Alaska stations in 2001 .. ..... 132

Figure 4.14a-f. Seasonal lightning strike distribution by two-week period for the six longitudinal transects.

.................................................................................. 133
Figure 4.15. Seasonal distribution of lightning strikes in Interior Alaska for two-week periods ....... 133
Figure 5.1 Seasonal distribution of lightning strikes in Interior Alaska, two-week periods. .......... 149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xi
List of Tables

Table 2.1. Results from forwards stepwise multiple regression, Interior region. In the dependent variable
column, the letters refer to the model tested, and the numbers after the variables refer to the beta
Value BUIMDETS. . ..ot e e 38

Table 2.2. Results from the forwards stepwise multiple regression analysis of the longitudinal transects. In
the dependent variable column, the letters refer to the model tested, and the numbers after the
variables refer to the beta value numbers, . ....... ... .. .. 39

Table 2.3, Main physiographic property, lightning strike density(lsd) (strikes per km2), total for the sub-
region, and separately for the three vegetation types, and mean elevation (meters) for the 17
physiographic Sub-regions. . ...... ... . e 40

Table 2.4. Results from the forwards stepwise multiple regression analysis of the physiographic regions. In
the dependent variable column, the letters refer to the model tested, and the numbers after the

variables refer to the beta value numbers.

Table 3.2, Independent variables, their representation and predicted correlation for multiple linear
regressionmodel TUNS. ... ... . L 81

Table 3.3. Typical range of values for albedo, emmisivity, and bowen ratio for deciduous, black spruce, and
burn scars, It also shows that emmisivities of burned and unburned areas are similar. Sources for
numbers: 1) Eugster et al. 2000; 2) Pielke and Avissar 1990; 3) Chambers and Chapin 2003; 4)
Oke 1987; 5) Betts and Ball 1997; 6) Pattey etal. 1997, ... ... ... . ... i, 82

Table 3.4. Normalized lightning for the period before versus the period after the fires. The numbers are
shown for a) burn scars, b) buffers, and ¢} control areas (1-3). For the control areas we produced

mean values for the four fire years of the selected scars (1988, 1990, 1991, and 1993) and showed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x1i

similar scenarios. Note that the time periods for the averages vary based on when the fires occurred
and the time series of lightning strikes (1986-99). ... ... .. . . . . . ool 83
Table 3.5. Lightning strike data for any area were normalized with respect to the total lightning in the
Yukon Flats region to account for inter-annual variability. A mean normalized lightning strike
value from the 2-year period pre-fire (1-2before) is used as a baseline, and the changes for any 2-
year-period post-fire (for example 5-6after) are reported as the difference from this baseline [in
%]. The tables show the changes in normalized lightning [%] in 2-year intervals following fires
and *-analysis of significance of differences for (a) burn scar areas and (b) unburned (buffer)
areas. As with table 3.4, we produced mean values for the control areas for the four fire years of
the selected scars (1988, 1990, 1991, and 1993) and showed similar scenarios (¢). We did not run
¥ -analysis of signiﬁcance of differences for the control areas as this would b;a the same area and
numbers compiled four times. .. ... ... . e 36
Table 3.6. Extracted data of lightning strike densities (lightning per unit area) within the burn scars, buffers,
and control areas from Fig. 3.5, ... .. .. e 89
Table 3.7. The AVHRR post-fire temperature differences were significantly different from the pre-fire
temperatures (p < 0.0001). The Landsat post-fire temperature differences were also significantly
different from the pre-fire temperatures (p=0.0016) ..... ... ... ... ... ... ..l 90
Table 3.8. Multiple linear regression results for lightning changes in burn scars. Only the variables that
entered the model are included in the table. The variables “in” or “out” refers to the overlap with
older burn scars in the scar and buffers, respectively. ........ ... ... ... ... L 91
Table 3.5. Multiple linear regression results for lightning changes in buffers. Only the variables that entered
the model are included in the table. The variables “in” or “out” refers to the overlap with older
burn scars in the scar and buffer, respectively. ...... ... ... . ... . 92

Table 4.1 Typical values of LI (from Sturtevant, 1995 ). . ... ... .. . . 134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xiii

Table 4.2. Typical CAPE values (from Sturtevant, 1995). .. ... .. .. . o i, 134
Table 4.3 Temporal coverage of meteorological data for summer 2001, ......................... 134
Table 4.4 Statistics for the two-week segment clustering algorithm of CAPE. Values of mean, standard
deviation, maximum and minimum values for each clustered group. See figure 4.7a-b for spatial
representation of the clustered groups. . .. ... .. .. 135
Table 4.5 Statistics for the two-week segment clustering algorhitm of LI. Values of mean, standard
deviation, maximum and minimum values for each clustered group. See figure 4.8 for spatial
representation of the clustered groups. . . ... ... . 136
Table 4.6. Comparison of 5 intense lightning days (synoptic storms, lightning strikes > 700day-1) with 4
non-intense lightning days (air-mass storms, lightning strikes 100-200day-1). ............. 137
Table 4.7. Predicted values of LI for set numbers of lightning strikes pér 45km by 45km cell, using the
results of the multiple regression analysis for two of the longitudinal zones (140 and 160), showing
extreme continental and extreme maritime conditions. ......... ... ... ..o oL 137
Table 4.8. Predicted values of CAPE for set numbers of lightning strikes per 45km by 45km cell, using the
results of the multiple regression analysis for two of the longitudinal zones (140 and 160), showing
extreme continental and exireme maritime conditions. .............. ... .. ... . 138
Table 4.9. Temporal lightning strike distribution over the 2-week periods of summer season 2001. The last
columm represents an average temporal lightning strike distribution for Interior Alaska, based on
lightning data from the 1986-99 period. ... ... .. ... 139
Table 4.10. Results of the regression analysis modeling lightning strike frequency as a function of
vegetation and elevation. The table shows significant r’-values for the regression for each
longitudinal ZOME. . . . ..ot e 140
Table 4.11. Correlations between CAPE and LI, similar to Blanchard (1998). .................. .. 141

Table 4.12. Comparison (r*-values) between the 45km by 45km cells of modeled Eta CAPE and LI and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xiv

CAPE and LI calculated from the raw sounding data from Fairbanks and McGrath. ........ 142

Table 5.1. Distribution of lightning strikes for days classified as airmass days based on two different

AiSHNCHOn MEthOAS. . . . i e e e e 148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XV

Acknowledgments

Many people played a role in the production of this dissertation. Thanks to all of you, even if you
are not specifically mentioned here.

First, thanks to my committee, Dave Verbyla, Terry Chapin, John Fox, Peter Olsson, and John
Yarie. You have all been very supportive and always ready to listen and help. I greatly appreciate that.

Funding for this study was generously provided by Bonanza Creek Long Term Ecological
Research site (LTER), UAF Graduate School Thesis Completion Fellowship, and a Student Competition
Grant from the Center for Global Change and Arctic System Research.

To the great folks at the Fairbanks National Weather Service Forecast Office {Jim Brader, John
Gallagher, Eric Stevens, Pete Adamovicz, and Ed Plumb), thank you for all the time you took to discuss
concepts and data with me.

Thanks to Thor Weatherby at Alaska Fire Service, who provided information and lightning strike
data, to Kevin Engle for processing of satellite imagery, to Nazila Merati at PMEL for emailing me the
program to convert from NetCDF to ArcInfo format, and to Jonathan Henkelman and Bob Bolton for
actually making the conversions happen.

And last, but not least, thanks to my wonderful husband, Bjarke Bennedsen for supporting me
through this. Thank also to my family in Denmark, without your support this would never have happened,

and to all the great people of Fairbanks.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1. General Introduction

General Circulation Models suggest a future climate of warmer and possibly drier summers in the
boreal forest region (Ryan, 1991; IPCC, 1996) and some recent observations support these predictions
(Serreze et al., 2000). The predicted climatic changes would change fire regimes in high latitudes (Smith,
1992; Kasischke ef al., 1995; Li ef al., 2000 ). Accurate future predictions will require identification of the
relationships between regional scale climate and fires (Skinner et al., 1999). Thunderstorm development is a
dominant factor in the continental boreal forest fire regime, through its influence as a fire starting
mechanism. Global Climate Change research has identified the land-atmosphere interface as a vital area of
needed research in order to improve our predictions of climate change (Harding et al., 2001).

Mesoscale modeling has suggested that landscape heterogeneity and the presence of fire scars are
part of a feedback mechanism that promotes convective activity (Weis and Purdom, 1974; Knowles, 1991;
Weaver et al., 2002). This could cause a strong, enforced fire regime as a possible result of the predicted
warm, dry climate. Understanding the forcing factors that control thunderstorm development is a vital part
of understanding the atmosphere / ecosystems interactions that control the boreal forest dynamics. This
study has tested issues that were originally developed in modeling studies by the use of regional remote
senéing and geographical information system techniques to validate the ideas.

Most books on lightning and thunderstorms in the U.S. do not even mention Alaska or include the
state on their distribution maps (Court and Griffiths, 1992; Price and Rind, 1994; Schneider, 1996).
However, lightning is responsible for more area burned in Alaska annually than in any other state in the
U.S. (Court and Griffiths, 1992), because many lightning fires occur in remote areas, which are difficult to
access, have a low priority for fire suppression and are expensive to control (Chapin ef al., 2003).

In Alaska, thunderstorms can be grouped into two general categories; localized air-mass and
widespread synoptic (Biswas and Jayaweera, 1976). I use this classification throughout this dissertation.
Air-mass thunderstorms form as isolated storms in confined areas, and result from air-mass interactions with

the underlying surface. Synoptic thunderstorms are typically formed by frontal activity (Biswas and
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Jayaweera, 1976). Air-mass thunderstormms are either convective or orographic, although these lifting
processes often work in combination with each other (Schroeder and Buck, 1970). In Interior Alaska, low-
level advection provides the moisture that fuels air-mass thunderstorms (Sullivan, 1963; Biswas, 1976),
since the atmosphere is relatively dry.

Most days with recorded lightning in Alaska are due to air-mass storms formed in the absence of
significant large-scale circulation (Biswas and Jayaweera, 1976; Henry, 1978). Air-mass thunderstorms start
most of the lightning-caused fires in Interior Alaska (Henry, 1978).

This project focused on airmass thunderstorms in a boreal forest region and how the underlying
surface might influence their development. I examined the distributions and correlations between lightning
strikes, thunderclouds, thunderstorm indices, ¢levation, and vegetation in Alaska. I examined the
relationships between these variables at spatial scales ranging from the entire Interior region of the state to
individual historic wildfire burn scars and at temporal scales ranging from annual to daily. The objective
was to understand the processes and factors responsible for thunderstorm development in Alaska, as a basis
for well-founded predictions of future thunderstorm regimes caused by a changing climate.

Chapter two of this thesis examines the relationship between lightning strike density, vegetation
and elevation at three different spatial scales: 1) Interior Alaska (~630,000km?), 2) six longitudinal transects
(~100,000km®), and 3) 17 individual physiographic sub-regions (~50,000km?) within Alaska. Boreal forest
and topography may influence the convective activity of Alaska’s air-mass thunderstorms. I conclude this
chapter with a discussion of potential processes leading to thunderstorm development based on the results,
and the influence of scale on these results.

The third chapter examines for evidence of a wildfire feedback mechanism arcund 13 fire scars
within the boreal forest of the Yukon Flats region, Interior Alaska. Satellite imagery was used to find cases
of convective cloud development that could be associated with burn scars. I used variables related to
elevation, slope and fire severity to learn what factors influence the lightning strike activity in the vicinity of

burn scars in the years / decade following the fire. Since the development of local circulation patterns
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around burn scars is more likely on airmass thunderstorm days, this chapter concentrates exclusively on
these.

Chapter four examined the links between the thunderstorm potential as represented by the
Convective Available Potential Energy (CAPE) and the Lifted Index, surface characteristics, as represented
by boreal forest coverage and elevation, and thunderclouds and lightning strike occurrence and frequency.
Using these variables, the 2001 thunderstorm season in Alaska was investigated. The goal was to examine
the links between convective activity and the underlying surface at scales representing the synoptic and the
local end of the mesoscale range. For this chapter, the data gets split into days classified as airmass and days
classified as synoptic thunderstorm days.

Chapters 2 through 4 are stand alone manuscripts that either have been or will be submitted and /
or published in peer-reviewed journals. All three papers (chapter 2-4) were coauthored with Dave Verbyla.
Chapter 3 additionally had Scott Chambers and John Yarie as coauthors. John Yarie provided the initial
idea for chapter 3, and Scott Chambers provided field data for and helped develop the hypotheses in that
chapter, in addition to editorial guidance. All coauthors, especially Dave Verbyla, provided help and

guidance, as well as assisted in editing the papers. As a first author I contributed the major part of research

and writing.
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Chapter 2'. Spatial Patterns of Lightning Strikes in Interior Alaska and their
Relations to Elevation and Vegetation.
Abstract

The relationship between lightning strike density, vegetation and elevation was investigated at
three different spatial scales: 1) Interior Alaska (~630,000km?), 2) six longitudinal transects(~100,000km?),
and 3) 17 individual physiographic sub-regions (~50,000km?) within Alaska. The data consisted of 14 years
{1986-1999) of observations from the Alaska Fire Service lightning strike detection network. The best
explanations for the variation in lightning strike density was provided by a combination of the areal
coverage of boreal forest and elevation. Each of these factors have the potential to influence the convective
activity. Our study suggests that in a region that is climatically favorable for air-mass thunderstorms surface
properties may enhance local lightning storm development in the boreal forest. Lightning strikes were found
to occur frequently both in mountainous areas as at river flats, which is contrary to results from previous

Alaskan studies.

2.1. Introduction

Thunderstorms and lightning at high latitudes are typically rare compared to areas like the
Midwestern U.S. Great Plains, Florida, Alberta or Saskatchewan (Orville and Silver, 1997; Nash and
Johnson, 1996). Throughout Interior Alaska however, lightning is not only relatively common, but plays a
large role in the structure and diversity of the dominant ecosystem, boreal forest (Kasischke and Stocks
1999). For example, in the period 1990-1996, over 2.7 million hectares burned in Interior Alaska, 93% of

which burned as a result of lightning-initiated wildfires (Boles and Verbyla 2000). Lightning, combined

i

"This paper was published under the same title exactly as presented in this chapter by Dorte Dissing and
Dave Verbyla in The Canadian Journal of Forest Research, Vol.33, pp.770-782, 2003.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with remote, sparsely populated regions (thus less need for fire suppression) and particularly flammable
fuels, cause lightning-initiated wildfires to burn 9-10 times more area annually in Alaska than in any state of
the contiguous US (Court and Griffiths 1992).

There is insufficient evidence to indicate whether the predisposition to lightning activity is due to
(a) the dry continental climate of Interior Alaska being particularly conducive to thunderstorms, (b) the
surface-atmosphere exchange characteristics of boreal forests providing effective triggering mechanisms for
thunderstorm development, or {c) a combination of the two. In Alberta and Saskatchewan, lightning-
initiated fires were found to occur most frequently during periods of local and meso-scale convection (Nash
and Johnson, 1996). Land-surface-atmosphere interface has been identified as a key area to reducing the
uncertainties in contemporary regional and global climate models (Harding et al., 2001) and major research
has been done on the topic (Pielke and Vidale, 1995; Serreze et al., 2001; Foley et al., 1994; Bonan et al.,
1995).

Climate is a dominant factor controlling the distribution of vegetation. Since controls over climatic
factors are exerted at many spatial scales (globally, regionally and locally), a similar scale dependence on
vegetation distribution is observed (i.e. with latitude, continentality and topography)at multiple spatial
scales. In Alaska for example, Viereck at al. (1992) noted the effect of continentality on the distribution of
Sitka and White Spruce. Sitka spruce occur typically in maritime climates, whereas white spruce are largely
restricted to continental climates (Viereck et al. 1992). At smaller scales, Van Cleve et al. (1991) relate the
distribution of white and black spruce in Interior Alaska to topographicaily controlled microclimate.

Conversely, vegetation may also influence climate at various spatial scales. Surface albedo and
roughness and the efficiency with which incident solar radiation is converted to net radiation are important
factors influencing the mechanisms that vegetation can modify climate (Garrett, 1982; Bonan et al., 1995).
Foley et al. (1994) modeled Holocene climate warming at the global scale and found that an expansion of
the boreal forest region had a greater effect on regional climate warming than did variations in solar input

associated with Milankovitch cycles. Chambers (1998) found that removal of native vegetation at the
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mesoscale (10-200km; Oke 1987) was sufficient to sustain circulations at this scale. At the local scale (0.01-
50km; Oke, 1987), the “oasis effect” happens when warm dry air is blown over a cool, moist oasis and gets
latently cooled due to evaporation, thus modifying the local climate (Stull, 1997).

There are two possible mechanisms in which edge effects can influence convective triggering,
depending upon the synoptic wind conditions. One possibility is through mesoscale circulations, another
due to surface roughness effects (Vidale et al., 1997).

Elements of surface patchiness can create horizontal gradients in surface and boundary layer heat fluxes,
due to differential solar radiation absorption, evaporation, transpiration, and aerodynamic transfer, which
may in turn generate mesoscale circulations (Vidale et al., 1997). During periods of low synoptic wind
conditions, mesoscale circulations can result in heating of the convective boundary layer and cooling aloft.
When the synoptic flow becomes stronger, differential surface roughness effects are the predominant factor
in convective triggering (Vidale et al., 1997). Both mesoscale circulations and surface roughness effects
depend on the scales on the surface inhomogeneity. For the BOREAS study, Vidale et al. (1997) found that
patches between 4 and 280km had the potential to influence the convective boundary layer development.
They also found that the mesoscale circulations may have significance even on days with sustained synoptic
winds.

The issue of causal relationships between vegetation and climate is still under debate. Bryson
(1966) analyzed summer air-mass distributions in relation to the boreal forest extent, and found that the
northern edge of the boreal forest is related to the mean summer position of the Arctic front. Pielke and
Vidale (1995), using data from the BOREAS experiment, suggested that the northern boreal forest
boundary influences the summer location of the Arctic front across the North American continent.
Conversely, other studies argue that the position of the northern treeline represents a response to, rather than
a forcing on, the summer position of the Arctic front (Serreze et al., 2001, Beringer et al., 2001). However,
the authors conclude that the differences in energy partitioning between tundra and boreal forest could be

significant enough to drive local-scale circulations of ecological importance (Beringer et al., 2001).
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Surfaces can act to trigger convection. The triggering mechanisms are usually lifting, and could be
due to orographic effects, frontal uplift, low-level convergence, or heating from below (Schroeder and
Buck, 1970). Smaller convective storms generally result from an unstable atmosphere which, when
triggered, results in the movement of boundary layer air to the level of free convection (Nash and Johnson,
1996).

Two factors strongly influence surface properties and thus controls over triggering potential;
vegetation and physiography. Convection can be affected by albedo, sensible heat flux, surface roughness
and landscape heterogeneity (Knowles 1993, Rabin et al. 1990), properties that differ among vegetation
types. This is related to the differences between the surface types and the resulting partitioning of energy. In
general, sensible heat fluxes are larger over boreal forest than over tundra (Chapin et al., 2000; Lafleur and
Rouse 1995; Pielke and Vidale 1995; Eugster et al., 2000).

At the mesoscale, O’Neal (1996) found that deciduous forest in mountainous areas promoted more
convective fluxes and associated cloud cover than the surrounding flat, non-forested areas in midwestern
North America. In Southern California, local scale studies found that conifer forest and chaparral brush had
higher lightning strike densities than broadleaf woodland, coastal sage shrub and herbaceous vegetation
types (Wells and McKinsey 1993). However, the authors concluded that elevation (rather than vegetation)
was the dominant factor influencing lightning distribution.

In mountainous areas, differential heating of mountain slopes results in upslope winds and thus
low-level convergence, which is the major factor contributing to the sustained instabilities necessary for
thunderstorm development (Biswas, 1976). Slope winds are produced by the local pressure gradient caused
by the difference in temperature between air near the slope and air at the same elevation away from the
slope (Schroeder and Buch, 1970).

The physiographic features can influence convective triggering through three factors with separate
effects and mechanisms that is included in the physiographic factor: (1) elevation, (2) aspect and (3)

topography. The most influential of the three factors are topography and aspect. Topography influences
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convective activity through the mechanism of differential heating described above. Likewise, aspect,
especially in high latitudes, can cause significant differences in surface heating, leading to possible
triggering. However, both topography and aspect with scale, and has less importance at the 1km® or 100km’
scale level, thus simple elevation values are often used as a proxy for topography, assuming that higher
elevation represents ridges and escarpments.

At the regional scale, topography has been found to have a dominant role in influencing lightning
strike activity in the conterminous United States (Wells and McKinsey 1993; Lopez and Holle 1986). Court
and Griffiths (1992) showed a positive correlation between the elevation of weather stations and mean days
per year of registered thunderstorms in the western United States. In Alaska, Reap (1991) found a generally
positive relationship between lightning strike density and elevation below 800 meters above sea level and a
negative correlation above 800 meters. At the local scale, Wells and McKinsey (1993) found a positive
correlation between elevation and the density of lightning strikes for San Diego county, California.

Based upon the demonstrated links between lightning and fire in the Alaskan boreal forest (Court
and Griffiths, 1992; Boles and Verbyla, 2000), and the dominant role that fire plays in the spatial and
temporal heterogeneity of the species that constitute this ecosystem (Bourgeau-Chavez et al., 2000 ),
feedback systems between climate, vegetation and wildfire may exist in this region. However, whether these
observations should be mostly attributed to an atmosphere that is regionally favorable for convection, of
direct effects of the landscape remains undetermined. Numerical modeling studies suggest a positive
feedback system between wildfire burn scars and meso-scale circulation patterns (Knowles 1993). Through
changes in surface properties and differences in heat fluxes between the burned area and the unburned areas
(Chambers and Chapin in press), large burned areas may be capable of setting up "land-breeze" circulations
patterns similar to land/"sea-breeze" systems. Knowles (1993) concluded that such positive feedback was

potentially strong enough to result in increased convection that in turn produces lightning.
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2.1.1 Objectives
As an independent means to verify the hypothesis that landscape effects are responsible for the
prevalent convective development within Interior Alaska, the objective of this study was to analyze the
relationship between lightning strike density and both vegetation and elevation, at three spatial scales: 1)
Interior Alaska (630,000kn??), 2) longitudinal transects (50,000-150,000km?), and 3) physiographic regions

(6,000-110,000km?).

2.2, Study Area

Interior Alaska is bound in the north by the Brooks Range (1000-2500M ASL) and in the south by
the Alaska Range (1000-6000M ASL) (figure 2.1). The topographic corridor provided by the bounding
mountain ranges, and extensive Canadian continent to the east, mostly restricts the Interior to a single water
source for atmospheric moisture, the Bering Sea. Maritime moisture is transported from west to east across
the region by large-scale advection (Reap 1991; Sullivan 1963). As a consequence of the west-east moisture
and temperature gradients, and progression from a maritime to a continental climate across the Interior, the
dominant vegetation cover changes from tundra, to boreal forest with distance from the coast (figure 2).
Boreal forest is the dominant vegetation type in the study region, covering 63% of the total area.

The coastal areas experience a relatively mild climate, buffered by the stable maritime influence.
The central and eastern regions of the Interior experience large annual temperature extremes, with relatively
hot summers (Hammond and Yarie 1996). In spite of the moisture gradient, there is generally sufficient
moisture available throughout the Interior to fuel thunderstorms, either as a result of recent transport, or
released from large stores in permafrost or deep organic soils that trap snow-melt. In the western Interior,
where tundra is the dominant vegetation type, high surface albedo and near saturated soils result in minimal

atmospheric heating and relatively stable air masses. These conditions inhibit extensive convective activity.
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The coastal areas have a milder climate with more stable air masses, less surface heating, and warmer air
aloft, inhibiting extensive convective activity.

There were two primary considerations that led to the choice of Interior Alaska as a study region.
Firstly, it is a confined region where most thunderstorms develop without the influence of synoptic-scale
weather systems (Biswas and Jayaweera 1976; Henry 1978). The infrequent intrusion of synoptic-scale
weather systems is a crucial factor because large-scale forcing can confound the effects of vegetation and
topography on convective activity. Secondly, almost 90% of the annual Alaskan lightning strikes are
recorded in this area.

In this study, the data was examined at three different spatial scales. The Interior Alaska region
represented the regional scale, the longitudinal transects the mesoscale, and the physiographic sub-regions,
which some times corresponded to individual watersheds, represented the local scale (upper end). The east-
west orientation of the topographic bounds to the Interior result in a good correlation of longitude with
climate (from maritime to continental) across the study region. Since there was no physiographic
classification of Interior Alaska at the time of this study, we divided Interior Alaska into 17 physiographic
regions (figure 2.3), based primarily on physical landscape features such as relief and proximity to major
rivers. The delineations were constructed for this study, and do not necessarily match existing management
units. The physiographic regions are delineated after large-scale landscape forms, representing local large-
scale topographical landscape changes (Yukon Flats to White Mountains, for example), to examine local

semi-homogeneous sub-regions.

2.2.1 Alaska Thunderstorm Characteristics

Biswas and Jayaweera (1976) used NOAA Very High Resolution Radiometer data to study the
predominant patterns of thunderstorm meteorology in Alaska and found two different types; air-mass and
synoptic thunderstorms. An air-mass is defined as any widespread body of air that is approximately

homogeneous in its horizontal and vertical extent, particularly with reference to temperature and moisture
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(Huschke 1959). Air-mass thunderstorms consisted of isolated storms in confined areas and were mainly
associated with sloping topography. Synoptic thunderstorms featured widespread and intense activity over
large areas, triggered by large-scale weather systems that were often tied to effects of the jet stream (Biswas
and Jayaweera, 1976).

A large fraction of the annual number of lightning strikes recorded in Alaska are due to a few days
of intense synoptic storms. However, most days with recorded lightning are due to air-mass storms, formed
in the absence of significant large-scale circulation (Biswas and Jayaweera 1976; Henry 1978).These low
lightning strike frequency air-mass thunderstorms are the starters of most of the lightning-caused fires in
Interior Alaska (Henry, 1978). Under conditions conducive to air-mass thunderstorms, properties associated
with topography and vegetation such as sensible heat flux and albedo, surface roughness and heterogeneity
are more likely to influence convection and subsequently lightning patterns. Vidale et al., (1997) looked at
development of mesoscale circulation of the BOREAS region and found the circulation to be strongest
during periods of weak synoptic flow. However, the circulations were still present under stronger synoptic

flow pattern (Vidale et al., 1997).

2.3. Data

2.3.1 Lightning Detection and Protection Network Data

The Bureau of Land Management Alaska Fire Service (AFS) operates an automated network of
cloud-to-ground lightning sensors (Reap, 1991). This lightning detection network was constructed as an aid
for fire suppression, since Interior Alaska has the highest potential for thunderstorms and the highest
number of lightning-ignited fires in the state. The network has been in operation since 1976 and consists of
9 stations in Alaska and 3 in the Yukon Territory (figure 2.1).

The position of a lightning strike is estimated by triangulation. Consequently, a strike is only

recorded only if it is detected by more than one of the sensors. Positional accuracy of estimated lightning
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strike locations varies with the number of detectors sensing the strike, and with detector location geometry.
For more details on how the lightning strike detection network functions, we refer to Hiscox et al. (1984).
The data recorded for each detected strike includes an estimates of time, location, and the positional
accuracy of the strike. Before the start of the 1995 fire season, the network underwent corrections for
systematic site errors. In the U.S. National Lightning Detection Network, data are reprocessed within a few
days of real-time acquisition. These reprocessed data are not subject to site errors (Curmmins et al., 1998).
Lightning strike data within the Interior Alaska region processed after May 1995 are assumed to have a
positional accuracy of 2-4 km, at best (Global Atmospherics, Inc, written communication). The detection
efficiency is assumed to be 60-80% in Interior Alaska, decreasing rapidly towards the coastal regions
(Global Atmospherics, Inc, written communication). Reap (1991) using a sub-set of the same data (1987-
1989) assumes the location efficiency to be on the order of 5-10km, and the detection efficiency to be 70%
or better.

Studies concerning detection efficiency and location accuracy have not been done in Alaska.
However, for the U.S. National Lightning Detection Network in eastern New York, Idone et al. (1998a and
1998b) did a performance evaluation comparing the network lightning data with video-derived locations of
cloud-to-ground lightning and found a median location accuracy of 2-4km. The detection efficiency was
found to be 67-86%. A study of detection efficiency of the British Columbia network yielded results around
50-70% (Gilbert et al., 1987).

Unless otherwise stated, all analyses conducted as part of this study have been based on a 14-year
data set, which cover the 1986-99 period and can be accessed at the Bonanza Creek Long Term Ecological
Research Site website (http://www.lter.uaf.edu). The entire 1986-99 lightning strike data set consists of
272,079 lightning strikes. The Alaska lightning detection network was during the 2000 fire season upgraded
to IMPACT sensors (AFS, pers.comm.). We have chosen not to include these data in this study, due to the

changed detection efficiencies and location accuracies.
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The data set shown in this study uses 14 year averages or sums of individual 1km grid cells, which
we have a applied a smoothing scheme to in the areas around the stations, where the site error corrections
otherwise would have influenced our results.
Throughout this paper, a “lightning strike” refers to a recorded cloud-to-ground lightning

discharge. Nothing is inferred about whether a particular strike causes ignition.

2.3.2 GIS Data

Elevation at 1-km resolution was resampled from United States Geological Survey (USGS)
1:250,000 series digital elevation models (figure 2.1, USGS, 1990). We used a vegetation grid produced by
Markon et al. (1995) at 1km resolution. The vegetation classes were produced using an unsupervised
classification of 1991 multi-temporal AVHRR Normalized Difference Vegetation Index data {(Markon et al.
1995) and can be obtained from the Alaska Field Office of the EROS Data Center. We then aggregated the
vegetation classes to four major categories: boreal forest (63% of total area), tundra (21%), shrubs (12%),

and other (4%) (figure 2.2). The “other” category consisted of snow, ice, water, and the 1990 and 1991
wildfire burn scars.
The data detected by the AFS lightning strike detection network was converted to a GIS point

coverage, based on the location coordinates (latitude, longitude) assigned at the time of detection. For each

lightning strike in the 1986-99 time period, an elevation and a vegetation class were assigned.

2.4. Methods

Based on previous studies(i.e. Reap,1991; Wells and McKinsey, 1993; Lopez and Holle 1986) on
the topic, we expected elevation to be the most influential factor, thus explaining the greatest variation in
the lightning strike data. The hypothesis tested at all three scales was: How does elevation and %areal

coverage of boreal forest influence the lightning strike density?
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At the three scales the data were summarized by elevation zone in order to obtain information like

%cover of boreal forest and lightning strike density and to reduce the data set from more than 630,000 cells.

2.4.1 Regional Scale (Interior Alaska)

At the regional scale, the data set contained four variables for each data point (elevation zone,
%boreal forest, lightning strike density, elevation zone*%boreal forest).

The data set was summarized by 100m elevation zone (i.e. 0-100m, 100-200m etc.) and the lightning strike
density and percentage of the area covered by boreal forest were calculated for each elevation zone. The
lightning strike density data were based on the sum of all lightning strikes per 1km’ for the entire 14-year
data set (1986-99). The data set was based on the 1km? grid cells to capture as much of the variation as
possible, and the data set consisted, after summarization, of 19 data points.

For all statistical analyses, boreal forest was entered as the only vegetation factor. This was done
because boreal forest is the dominant vegetation type in Interior Alaska. Combined, tundra and boreal forest
cover 81 to 100% of the area at all elevations, and the relationship between the two variables is inversely
proportional. Thus similar analysis with several vegetation types would have produced redundant results.

A 10km by 10km grid of tundra and forest data was used for the study of potential edge effects.
This was done to minimize edge effects that a 1km by 1km patch could have produced. The mean lightning
strike density for all (tundra and forest) 100km’ cells was calculated and stratified into lightning density

classes of 0.1 strikes/km?.

2.4.2 Mesoscale (Longitudinal Transects)
For the longitudinal transects a combined data set was made, containing 6 sets of data, one for each
transect. Each data set (1 for each of the 6 transects) was summarized by 100m elevation zones (i.e. 0-

100m, 106-200m etc.) and the lightning strike density was calculated for every elevation zone.
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The data set was based on the 1k grid cells to capture as much of the variation as possible, and

the data set consisted, after summarization, of 86 data points.

2.4.3 Local Scale (Physiographic Regions)
The physiographic regions were treated similarly to the longitudinal transects data set, and were

similarly based the 1km? grid cells. The data set consisted of 161 data points.

2.4.4 Statistical Analysis

The data were tested for normality, using a Chi-Square normality curve fit. The variables were
found to not be significantly different from normal with p-values < 0.05.

To explore the effects of elevation and %boreal forest areal coverage on lightning strike density we
developed a multiple linear regression model. To select the model with the best fit we first tested the
relation between each variable and lightning strike density separately, and then applied models that included
both variables as well as an interaction term. The multiple regression was done as a forwards stepwise
regression, with a probability of 0.05 to enter the model and 0.1 to remove. The regressions were run 4
times at each scale, examining the following models:

a) Lightning strike density = a, + b, (elevation zone)
b) Lightning strike density = a, + b, (%boreal forest)
c) Lightning strike density = a, + by(%boreal forest) + ¢, (elevation zone)

d) Lighting strike density = a, + b, (%boreal forest) + ¢, (elevation zone) + d, (%boreal forest*elevation

zone)

The model chosen as the best fit had the highest adjusted r*-value.
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2.4.5 Proximity Study

Previous work has focused on the difference in surface heat fluxes between boreal forest and
tundra (Pielke and Vidale, 1995). We have chosen to focus the study of edge effects similarly, because the
difference in the lightning strike density was greater between boreal forest and tundra than between boreal
forest and shrubs. Additionally, these two vegetation types are the two most abundant within the study area,
providing for a larger sample size than any other vegetation transitions. For each class the mean distance
from a tundra patch to the closest boreal forest patch, regardless of size, was computed. Similarly, mean

distances from boreal forest patches to tundra patches were computed.

2.5. Results

2.5.1 Interior Region

The relationship between lightning strike density and elevation was generally positive up to a
maximum elevation of 1100-1200 m (figure 2.4). Above this elevation, the relationship was negative. The
boreal forest covers 70-90% of the area between 200-1100m elevation. Above and below these elevations,
the forest areal coverage is much less (figure 2.4). Most of the area below 200m fell within the coastal
tundra / shrubs, and most of the area above 1100m was above the altitudinal limit for forest.

Tundra lightning density was greater in tundra cells close to boreal forest (figure 2.5). However,
the distribution was such that only 1% of the grid cells fell in the 0-20km distance, 29%in the 20-30km
distance and 70% in the greater than 30km distance to the nearest forest edge. Within the cells that are 20-
30km from the forest edge, the lightning strike density varied from 0.02-0.08 strikes / km’”. The similar plot
for the forest pixels, testing the proximity to tundra pixels, showed similar trends with the curve shape being
almost a mirror image of the curve in figure 2.5 (figure 2.6). Here the distribution showed that 53% of the

pixels are in the 0-10km span, 47% in the 10-25km span, and only one pixel in the greater than 25km span.
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The lightning strike density within the 10-25kmdistance to tundra edges varies from 0.02 to 0.17 strikes /
k.

The multiple regression at the Regional scale showed that the best model, explaining the largest
percent of the variance (r* = 0.66) in the lightning strike density data was model (d), which was based on the
interactive effect of elevation and %boreal forest (table 2.1). The second best model (3* = 0.57) was model
(c), involving the effects of both elevation and %boreal forest, with boreal forest entering the model first.
Elevation did not enter the model at all as a sole influence, whereas %boreal forest explains 19% of the

variability in the lightning data.

2.5.2 Longitudinal Transects

The boreal forest had the highest lightning strike density across the climate gradient of
continentality from the eastern Interior to the first of western zones (figure 2.7). In the furthest western
zone, shrub and tundra vegetation had lightning strike densities that were similar to those of the forested
areas. However, the forest lightning strike densities in this transect were smaller than it was in the other 5
zones. The lightning strike densities of tundra were relatively consistent across the climate gradient (figure
2.7). In the shrub vegetation the density remained at low in all but the two climatic transition zones.

Multiple regression analysis indicated that the best model was model (d), where %forest enters the
model first and explains 21% of the variability in the data of the overall 57%, the inclusion of
elevation-zone and elevation*%boreal forest improve the model significantly. Both variables are positively
related to lighting strike density, whereas their combined product is negatively related (table 2.2). The
second best model was model (c), which explains 45% of the variation in the data. Like at the regional scale

level, elevation did not enter the model at all as a sole influence.
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2.5.3 Physiographic Regions

For each of the 17 physiographic sub-regions the mean lightning strike density for the 1986-99
time period was computed (table 2.3). The three physiographic sub-regions with the highest lightning strike
densities were mountain regions, followed by 5 regions of river flats. The lowest lightning density occurred
at Nulato Hills. In 65% of the sub-regions, the highest average lightning strike density was recorded in the
boreal forest. In general, the highest lightning strike densities occurred in the sub-regions with the higher
(mean) elevation. A definitely east-west trend can also be traced, identifying the high lightning density sub-
regions as the eastern regions.

The multiple regression analysis indicated that again, the best model was model (c), where %forest
enters the model first and explains 18% of the variability in the data of the overall 27%, the inclusion of
elevation-zone is improving the model significantly. Again, both variables are positively related to lighting
strike density (table 2.4). The second best model was model (b), using %boreal forest as the sole influential
factor, explaining 18% of the lightning data variability. At this scale, elevation did enter the model as a sole

influential factor, but could only account for 1.2 percent of the lightning variation.

2.6. Discussion

The highest lightning strike density occurred in the boreal forest vegetation at all three scales. The
trend was consistent for all of Interior Alaska, and persisted along the climatological gradient of continental
(eastern Interior) to maritime (western Interior) climate (figure 2.7). More than half of the physiographic
regions had the highest lightning strike densities within boreal forest (table 2.3). The two regions with the
lowest lighting strike density in boreal forest were Yukon Delta and Innoko Flats. Both of these regions

are in the western part of the Interior, and their low strike densities may likely reflect the maritime climatic

influence.
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For all the examined scales, boreal forest and elevation combined were found to be positively
related to lightning strike density(tables 2.1, 2.2, and 2.4). The statistical results strongly indicate that it is
the interaction or combination between elevation and boreal forest which accounts for a large fraction of the
variability seen in the lightning strike data.

The interactive influence of elevation and boreal forest coverage at the regional level accounted for
approximately 66% of the variability in the lightning strike data. At the two smaller scales, the combined
effects of elevation and boreal forest coverage explained the greater part of the variation (meso-scale: r* =
0.57; local scale * = 0.27). This suggests that longitude (i.e. the degree of continentality) is a more
important factor explaining the lightning strike distribution in Interior Alaska than the physiographic sub-
regions, and that the longitudinal transects provide a built in climatic (continentality) control factor.

However, this also presents a surprising result in showing that for the scales shown and the data
used in this study, it is the interaction or combined effects of boreal forest coverage and elevation that
influences the lightning strike densities, not elevation as a factor by itself. On the contrary, this factor seems
to have the least influence. An important thing to consider here are potential biases in the lightning
detection network, as mentioned by Gilbert et al. (1987) from their study in BC, where the detection
efficiencies were below average in mountainous regions. Also, this lightning detection network is focused
on Cloud-to-ground lightning, leaving the possibility open that thunderstorms can still develop over higher
terrain, but our lightning strike data will not portray this adequately. However, our main focus are the
Cloud-to-ground lightning strikes, due to their role as potential fire starters.

The persistent trend of a positive relationship between lightning strike density, boreal forest and
elevation represents a difference from most previous results in the field, which have concentrated on the
positive relationship between elevation and lightning strike density (Wells and McKinsey 1993; Lopez and
Holle 1986; Reap, 1991). For all of Interior Alaska (figure 2.4), the decrease in boreal forest areal coverage
at upper elevation treeline of 1000-1200m corresponded to a decrease in lightning strike density. This could

reflect the differences in energy partitioning between the boreal forest below, and the tundra above the
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treeline, similar to the arguments from Pielke and Vidale (1995). A second small lightning strike density
peak occurs at 1600-1700m elevation. These high lightning strike densities at the 1600-1700m elevation
occurred only in the eastern Interior, and have huge standard deviations associated with them, making it
hard to draw any conclusions about it.

Some discrepancies exist between the data from our analysis and the study of Reap (1991). The
positive relationship between elevation and lightning strike density up to 1100-1200m that we found for all
of Interior Alaska followed the general trend observed by Reap (1991), although Reap found the maximum
lightning strike density to occur at 800m. This difference in the elevation at which the maximum lightning
strike density occur is likely attributable to the differences in grid-cell sizes between our studies (our study:
Tkm grid, Reap’s study: 48 km). The larger grid sizes compute mean elevation over a larger area, which
would produce lower values.

Furthermore, our study focused on the Interior of the state while Reap’s study area included the
whole state of Alaska, thus incorporating the low elevation, low lightning strike density areas along the
north and west coast and southeastern Alaska. Additionally, the lightning data on which Reap’s study was
based (1987-89, also AFS data) included two of the three lowest lightning-strike years in the 14 year (1986-
99) data series that were used for this study.

The highest lightning strike physiographic regions were found to be in mountainous areas of
eastern Alaska (table 2.3). However, the Kantishna River, Tetlin, Koyukuk, Yukon, and Tanana Flats have
relatively high lightning strike densities, higher than several mountainous regions (Kuskokwim and Purcell
Mountains, Nulato Hills, table 2.3). This somewhat contradicts the conclusions of Reap (1991) and Biswas
and Jayaweera (1976), who found that no river flats, with the exception of the Tanana Flats, showed any
significant thunderstorm development or lightning strike frequencies. Both of these studies were based on
relatively few years of data (3, and 1, respectively), and at least 2 of these years were very low lightning-

strike years. Possibly this discrepancy is explainable if low-lightning years also can be assumed to have
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fewer air-mass storms and thus the influence of elevation could be of greater importance than that of boreal
forest, therefore resulting in a higher lightning strike density over higher terrain.

One question that arises from our results is: can the boreal forest itself enhance thunderstorm
development or does it simply occur in a climatic region that sustains convective activity? The most likely
explanation is a combination of both: in a region already favorable for convective activity, the differential
heating due to landscape heterogeneity and therefore variation in surface energy partitioning over the boreal
forest provide the triggering mechanism to enhance thunderstorm development. Lynch et al. (2001) suggest
from their studies of correlations between vegetation, topography and the Arctic frontal zone, that although
vegetation contrasts were found to be insufficient for inducing frontal activity, it could and would contribute
to topographically generated preferred frontal zones. These findings supports the idea of convective
triggering being provided by a combined effect of the vegetation and topography, although our statistical
results suggests that the relative importance of the two factors are that of vegetation (boreal forest) being the
most important.

Our proximity study showed that most of the higher lightning strike densities, both within pixels
classified as tundra and as boreal forest, fall within the 10-15km range of the edges of the vegetation
patches. However, a large variation in lightning strike density exists within this zone (figures 2.5 and 2.6). It
is beyond the scope of this paper to examine the meteorological conditions associated with these results,
although this information would provide some important understanding of the processes taking place.
Speculations based on the studies of Vidale et al. (1997), Knowles (1993), Chambers (1998) would suggest
that the orientation of a mesoscale circulation across a boreal forest / tundra boundary as the one examined
here would be from the ceol surface air towards the warmer surface air. The effects of theses circulations
would be strongest around the edges of a developed circulation cell, which is dependent on the size of the
forest patches, but likely within 10 times the convective boundary layer depth (~ 2km), so 5-20km,
approximately. This coincides with the distance within which we see the higher lightning strike densities on

figures 2.5 and 2.6. However, this phenomenon is observed on both sides of the vegetation boundaries,
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whereas, according to above reasoning, the effects would be expectable on the forest side of the edge. Wind
patterns could influence the location of these effects.

Knowles (1993) modeling study suggested that under favorable meteorological conditions wildfire
burn scars were capable of enhancing convective activity of sufficient strength to produce lightning.
Combining the conclusions of Knowles (1993) and Pielke and Vidale (1995), perhaps the boreal forest,
through relatively high sensible heat fluxes, can enhance convective activity if an already unstable
atmospheric environment is present. Beringer ef al. (2001) suggest that although surface heating differences
due to energy partitioning between the boreal forest and tundra are unlikely determinants of the summer
position of the Arctic front, they still may be sufficient to support local-scale circulations.

If boreal forest is capable of enhancing thunderstorm development then a feedback loop which
creates more fires might exist. An increased frequency of wildfires, despite a cooler, moister climate in the
boreal forest ecosystem following the appearance of black spruce (Hu et al. 1993; Lynch et al. in press)
could reflect an increased availability of flammable fuels. The increased fire frequency could also be due to
the energy partitioning in a black spruce forest, resulting in higher sensible heat fluxes than over other
vegetation types, thus providing triggering mechanisms for thunderstorm development (Chambers and
Chapin in press).

Such a feedback is less likely to develop in the atmospherically more stable (for example maritime)
environment, because stable conditions would suppress the circulation centers induced by the heating
differences between the wildfire burn scars and the surrounding unburned surface, thus resulting in fewer
thunderstorms than the unstable environment (Knowles 1993). This explains our finding of a weaker
correlation between boreal forest and lightning strike density in the maritime western longitudinal transects.

The maritime climate is also cooler, providing much less heating differences to induce circulations.
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2.7. Conclusions

We examined the interrelationships between vegetation, elevation and lightning strike density for a

14 year time series at three spatial scales.

2.7.1 Regional Scale (Interior Alaska)

* Lightning strike density was consistently higher in boreal forest than in tundra or shrub vegetation.

* The interaction between increasing boreal forest area and elevation is correlated with increasing lightning
strike density, providing explanation for 66% of the variation in the lightning strike densities at this scale.

* Most of the 10km by 10km pixels with the highest lightning strike densities falls within 10-25km on either

side of the boundary between boreal forest and tundra.

2.7.2 Mesoscale (Longitudinal Transects)

* Consistent with the observed trend for the regional scale the mesoscale showed higher lightning strike
densities within the boreal forest, followed by shrubs and tundra. The effect is more pronounced in the
continental than in the maritime climate.

* The combination of boreal forest areal coverage, elevation, and a build-in continentality factor provides
explanation for ~57% of the variation in the lightning strike density. The boreal forest areal coverage carries

the highest weight in the model.

2.7.3 Local Scale (Physiographic Sub-regions)

* More than half of the sub-regions showed the highest lightning strike densities within boreal forest.

* Elevation and %boreal forest do not provide as good an explanation for the variability in lightning strike
data as at the mesoscale (~27%). However, the best model was still the combined model of elevation and

boreal forest areal coverage.
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2.7.4 Overall Interpretation and Suggestions for Future Work

Boreal forest, due to its high sensible heat fluxes, may enhance convective activity of air-mass
thunderstorms. Another explanation is that the boreal forest biome exists in a climatic region that sustains
the convective activity. Our data suggest that both explanations are important. Our statistical analysis
indicates that it is the interaction or combination between elevation, boreal forest and a climatic
(continental) factor, which influences the variation in lightning strike density. This has strong implications
for future climate change scenarios, where lots of speculations about extension of the boreal forest and
treeline have been made.

The combined effects of boreal forest and elevation on increased lightning strike activity was
found in the larger scales (regional and mesoscale), but was less prevalent at the smallest scale (local). The
zones at the local scale that were examined were delineated based on physiographic features such as
proximity to major rivers, or mountainous areas. Possibly not all of these delineations were appropriate for
showing the above effects, thus we only saw trends similar to the larger scales at some zones, whereas the
statistical analysis, incorporating all the zones, did not show as strong a pattern. Likewise, the proximity
study did not portray a consistent pattern at the patch scale (regardiess of size).

Several factors have not been included in this study: patch sizes (and shapes), effects of wildfire
burn scars, topography, and aspect and meteorology. All of these could be likely candidates for explaining

some of the results from this study.
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Table 2.1. Results from forwards stepwise multiple regression, Interior region. In the dependent variable
column, the letters refer to the model tested, and the numbers afier the variables refer to the beta value

numbers.
dependent std.err. std.err.
p-vaiue | r*(adj) | beta (1) { beta (2) beta (3)] intercept B F
variable estimate intereept
(2) ] )
The variable did not enter the mode] at all
elevation
(b)%boreal
0.002 0.19 0.485 40.84 23.62 10.97 19 5.23
forest
(c) elev. (1} &
0.0021 0.57 0.839 1.05 -411.17 17.19 112.38 19 113.09
Y%bf (2)
(d) elev. (1) &
<
%bf (2) 0.66 0.824 35 15.29 5.79 19 130.07
0.0001
elev*%bf{3)
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Table 2.2. Results from the forwards stepwise multiple regression analysis of the longitudinal transects. In

the dependent variable column, the letters refer to the model tested, and the numbers after the variables refer

to the beta value numbers.

sid.err.
dependent beta beta beta inter- std.err.
p-value 12 (ad]) esti- n F
variable {1} (2) {3} cept inter-cept
mate
(a) ) )
The variable did not enter the model at all
elevation
{b) %boreai
< (0.0001 0.21 0.466 31.20 31.59 6.50 86 23.27
forest
(c)
elev. (1) & <0.0113 0.45 0.639 0.856 -28.74 26.29 11.10 86 35.94
%bf(2)
(d) elev. (1)
&
%bf (2) < 0.0001 0.57 0.669 0.971 -0.16 -51.46 21.20 0.11 2879853 1287967
elev*%bf
(3)
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Table 2.3. Main physiographic property, lightning strike density (Isd) (strikes per km2), total for the sub-
region, and separately for the three vegetation types, and mean elevation (meters) for the 17 physiographic

sub-regions.

Region Physiography [ Mean Elev. 1Total Lsd. Tundra (Shrub |Forest
White Mountains mountains 647 8.0 8.8 8.6 8.8
Ray Mountains mountains 365 5.0 5.5 4.4 5.6
YukonUplands mountains 443 5.0 3.9 7.3 5.4
Kantishna River Flats flats 277 4.4 6.0 33 4.8
Tetlin Flats flats 666 3.8 0.6 0.3 4.6
Koyukuk Flats flats 105 3.5 2.8 5.2 3.7
YukonFlats flats 155 3.1 0.3 0.1 8.0
Tanana Flats flats 325 2.9 0.1 34 4.8
Kuskokwim Mountains mountains 293 2.8 1.3 2.1 5.1
Nowitna Flats flats 155 2.7 0.5 4.0 5.5
Selawik Flats flats 123 1.6 0.8 0.0 1.4
YukonDelta flats 48 1.1 1.2 1.2 0.9
StonyFlats flats 136 1.0 1.3 1.0 1.5
Purcell Mountains mountains 298 0.9 1.3 0.0 2.0
Innoko Flats flats 100 0.6 0.6 0.6 0.5
Seward Peninsula mountains / flats 208 0.5 0.4 0.6 0.7
{Nulato Hills mountains 277 0.3 0.1 0.5 0.4
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Table 2.4. Results from the forwards stepwise multiple regression analysis of the physiographic regions. In

the dependent variable column, the letters refer to the model tested, and the numbers after the variables refer

to the beta value numbers.

dependent r2 beta beta beta std.err. std.err.
p-value inter-cept n F
variable (adj) (63} @ 3) estimate inter-cept
(a)
< 0.0001 0.012 0.135 38.00 30.60 4.29 161 2.94
elevation
(b) Y%boreal
< 0.0001 0.18 0.428 22.00 27.91 4.30 161 35.63
forest
©
elev. (D & 1E-06 0.27 0.334 0.549 0.67 26.91 6.15 161 30.7
%bf(2)
{d) elev. (1)
&
%bf (2) < 0.0001 0.12 0.846 0.799 -0.84 -34.69 28.62 0.11 4893601 230840
elev*%bf
(3)
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Chapter 3%. A potential mechanism for wildfire-feedback in Alaskan boreal forest:
do burn scars increase lightning activity ?
Abstract

Lightning-induced wildfires are responsible for 80-90% of the area burned annually in Alaskan
boreal forests. How random is this important modification of the Alaskan landscape? We looked for
evidence of a wildfire feedback mechanism around 13 fire scars within the boreal forest of the Yukon Flats
region, Interior Alaska. We found that in general, relative lightning activity decreased in the burned areas as
well as the control areas following a fire. In some areas, however, lightning activity increased in the
surrounding unburned areas. These changes in lightning strike activity were tied more closely to vegetation
parameters describing fire severity than to environmental variables such as slope and elevation. We found
two satellite images where convective cloud development could be associated with burn scars. In one of
these cases, thunderstorm and lightning activity developed in the immediate area, suggesting a possible
burn-scar-induced circulation. In general, the Yukon Flats is a vegetation mosaic heavily influenced by
areas with an history of active wildfire, making it difficult to demonstrate a feedback mechanism

conclusively.
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3.1. Introduction

Wildfires are a dominant disturbance mechanism in boreal forests (Vierick 1973; Yarie 1981;
Kasischke et al. 1995). Fire frequency and severity influence the speed and trajectory of vegetative
succession and fuel accumulation (Bourgeau-Chavez et al. 2000), and thus directly impact the regional
carbon budget (Carmpbell and Flannigan 2000). Since the boreal forest is the second largest terrestrial
biome (Whitaker 1975), containing approximately 40% of the global reactive soil carbon (McGuire et al.
1995), changes in the fire regime of boreal forests could have global significance.

Over the past decade an average of 3.02x10° ha / year of North American boreal forests have
burned (Kasischke et al. 1995). In Alaska, 43% of fires that occurred during the period 1966-75 were
started by lightning, with these fires accounting for 82% of the total area burned (Court and Griffiths 1992).
Between 1990 and 1996, lightning-caused fires were responsible for 93% of the total area burned (Boles
and Verbyla 2000).

Global Climate Models predict that the largest climatic changes will occur at high latitudes (IPCC
1996), and some observations support these predictions (Serreze et al. 2000). This has led to speculation of
increased fire frequency (Kasischke et al. 1995; Li et al. 2000). An increased frequency of wildfires in the
boreal forest during the Holocene followed the appearance of black spruce on the landscape (Hu et al.
1993; Lynch et al. 2003) reflecting increased availability of flammable fuels, This vegetation change might
also have enhanced the development of thunderstorms at the local scales (Chapter 2). However, changes in
the wildfire ignition process - the thunderstorm have never been suggested as a component of vegetation-
induced changes in the fire regime during the Holocene'.

In Alaska, thunderstorms can be grouped into two general categories; localized and widespread.

Localized (gir-mass) thunderstorms result from interactions between an air-mass® and surface

* An air-mass is defined as any widespread body of air that is approximately homogeneous in its horizontal
extent, particularly with reference to temperature and moisture distribution; in addition, the vertical
temperature and moisture variations are approximately the same over its horizontal extent (Huschke, 1959).
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characteristics, producing isolated storms in confined areas. The more widespread (synoptic) thunderstorms
are typically formed by frontal activity (Biswas and Jayaweera 1976).

In general, thunderstorm formation requires a conditionally unstable airmass, sufficient moisture*
in the atmospheric boundary layer (<3km), and a triggering mechanism to set off the convective activity
(Henderson-Sellers and Robinson 1986; Schneider 1996; Huntrieser et al. 1997). Moisture provides energy
to the thunderstorm through the release of latent heat as convection brings the air to its lifting condensation
level (Grice and Comisky 1976; Schneider 1996). A triggering mechanism acts to release the instability and
is usually associated with either (i) surface heterogeneities (in unstable or convective conditions), (ii) lifting
(orographic or frontal), (iii) low-level convergence (Schroeder and Buck 1970), or (iv) upper-level short
waves..

Air-mass thunderstorms can be broadly categorized as either convective or orographic, although
these lifting processes often work in combination with each other (Schroeder and Buck 1970). Dry
thunderstorms, a particular kind of air-mass thunderstorm, are important as wildfire starters since their high
cloud-base often results in very little accompanying precipitation (less than 0.25¢m or 0.1 inches)
precipitation, and less than 45% humidity; NOAA, NWS Storm Prediction Center;
http://www.spc.noaa.gov), which increases the probability of ignition following a lightning strike. Under
conditions conducive to the formation of air-mass thunderstorms (low wind speed and the absence of frontal
activity), triggering mechanisms associated with the surface characteristics (changes in topography,
differential heating or changes in surface roughness), are likely to have a strong influence on convection and
subsequently lightning patterns.

Surface heterogeneity created after wildfire is important at, at least two spatial scales: locally,
within individual fire scars; and regionally, at the scale of fire scars or the distance between scars. Local

variations in topography, fuel moisture content, vegetation type and other factors contribute to

* The amount of moisture (to be "sufficient”) will depend upon the strength of convection (whether it is
deep enough to reach the lifting condensation level) and the vertical profile of virtual potential temperature
{which dictates how much latent heating is required before free convection starts, and what the vertical
extent will be). (Stull 1988)
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heterogeneity within each fire scar. Each of these heterogeneities is a potential triggering mechanism for
buoyant surface layer plumes, which either individually or by coalescence, may lead to mixed layer
thermals (Williams 1991) sufficiently strong to initiate convective development.

At the regional scale, effects can be even larger. Many lightning induced fires within Interior
Alaska occur in remote (difficult to access), sparsely populated (low suppression priority) regions.
Consequently, individual scars can be quite large (400-2,300 km?), such that relatively few scars make up
the bulk of the total areca burned annually. These large burn scars are thus usually of a scale sufficient to
sustain mesoscale circulations (Shuttleworth 1988; Pielke and Vidale 1995; Chambers 1998).

In the absence of frontal activity, there are two important mechanisms responsible for enhancing
the necessary vertical motion for thunderstorm development: (i) non-classical mesoscale circulations
(NCMCs), which include "land-breezes", and (i) low level convergence associated with an increase in
surface roughness (Vidale et al. 1997). The strength of the prevailing near-surface winds can control these
mechanisms (Vidale et al. 1997).

NCMCs are driven by pressure gradient forces set up by horizontal differences in near-surface air
temperatures (Vidale et al. 1997; Weaver et al. 2002). Since the pressure gradients are usually small,
NCMCs are most commonly observed under conditions of low synoptic winds. These circulations are
oriented such that the flow is from cool air to warm air at the surface (ie. high to low pressure, where the
low pressure results from the riging of buoyant air) (Segal and Arritt 1992). Contrasts in surface
characteristics (e.g. terrain aspect, surface roughness, albedo and moisture availability), that affect radiation
absorbtion, evapotransipration and aerodynamic transfer, are usually responsible for the horizontal
gradients in atmospheric heating, Such contrasts are evident across burn scar boundaries (Vidale et al. 1997,
Chambers and Chapin 2003). NCMCs are conceptually similar to sea-breeze cells (Segal and Arritt 1992;
Cotton and Pielke 1995), and they can transport large quantities of heat and moisture within the boundary
layer compared to turbulent transport mechanisms (André et al. 1989). They can reach similar strengths as

their sea-breeze counterparts (Segal and Arritt 1992), and the associated convection is often strong enough
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to trigger/enhance rainfall or induce thunderstorm formation (Weiss and Purdom 1974; Stull 1988; Blyth et
al. 1994).

When prevailing lower-level winds increase, surface roughness conditions become the
predominant factor in convective triggering (Vidale et al. 1997). While simulations have shown that
mesoscale circulations can prevail even on days with strong lower-troposheric winds (Weaver and Avissar
2001; Baidya Roy and Avissar 2002), the point of deepest convection was advected downwind of the
location from which the initial convection was triggered (Baidya Roy and Avissar 2002). The effect of a
change in surface roughness is such that a transition from rough to smooth results in increased wind speed,
low-level divergence and subsidence, whereas a flow from smooth to rough results in decreased wind speed,
low-level convergence and uplift (Claussen 1987; Samuelsson and Tjernstrém 2001). In general, surface
roughness effects can be more important in generating mesoscale motions than differences in surface

temperatures (Samuelsson and Tjernstrom 2001).

3.2 Objective and research approach

The main objective of this study was to determine changes in convective activity in the vicinity of
wildfire burn scars in the years following the fire. We were interested in whether we could find evidence of
feedback between wildfire burn scars and convective activity in the Alaskan Interior boreal forest, and if so,
explain the driving mechanisms. In this study, change in lightning strike frequency was used as a proxy for
change in convective activity to supplement available satellite imagery.

To examine the convective activity in the area we initially compared lightning strike frequencies
within a region defined by the burn scar and within an unburned forest surrounding the burn scar both pre-
and post-fire. To investigate the most important driving mechanisms we regressed lightning strike activity
against environmental variables (slope, elevation) and variables associated with the wildfire burn scars

(overlap with older scars, vegetation composition in scar and buffer, scar size etc.).
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3.3. Study area

The Yukon Flats (figure 3.1) are located towards the northern end of the discontinuous permafrost
region of Interior Alaska (Gallant et al. 1996). They represent a level region dominated by open spruce and
closed mixed forest mosaics with large areas of spruce forest, interspersed with patches of moist shrubby
tundra and bog.

The Yukon Flats covers almost 25000km? and have an active history of wildfire. Over the past 30 years, the
decadal area burned increased from 2500km” to 4400km?® (figure 3.2). Between 1950 and 2000, a total of
134 fires have burned within the Yukon Flats, with an average size of > 400 km®. This has resulted in a
heterogeneous vegetation mosaic across the region. With the large burn areas, as well as the relative and
absolute (figure 3.3) amounts of lightning strikes in the area increasing, it is an ideal region for studying
feedbacks between burn scars and thunderstorms,

The region has a continental climate, and since it is bounded between the White Mountains and
Brooks Range (Fig. 3.1) it is largely sheltered from strong synoptic / frontal activity. These factors, along
with the relatively simple topography, make the region particularly favorable for air-mass thunderstorm
development. About half of the total annual precipitation in the Yukon Flats falls during the thunderstorm
season (May- August).

By Alaskan standards, the Yukon Flats receive a relatively large number of lightning strikes.
Although the region constitutes only 4% of Interior Alaska, it receives on average 6% of the lightning
strikes within Interior Alaska. In fact, the fraction of Interior Alaska's lightning strikes that occur within the
Yukon Flats has been increasing (from 4% in 1986 to 8% in 1999; Fig. 3.3).

In spite of the sheltered nature of Interior Alaska, a large fraction of it's annual total of recorded
lightning strikes are received during the few periods of relatively intense synoptic storms. However, since
each of these synoptic events occurs over just a few days, the majority of days in the year on which
lightning strikes are recorded can be attributed to air-mass thunderstorms (Biswas and Jayaweera 1976;

Henry 1978). 1tis these localized, low lightning-frequency air-mass thunderstorms, with little (if any)
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associated rainfall, that ignite most of the lightning-caused fires in Interior Alaska (Henry 1978). The
localized nature of the storms also increases the likelihood that if rainfall is associated with the storm that

the associated lightning may strike in a dry region.

3.4. Data

3.4.1, Satellite data
AVHRR satellite image data were used because they covered as much of the time span of 1986-99
as possible (1989-99). The data were obtained from the NOAA Satellite Active Archive (SAA) website

(hitp//www.sea.noag.gov ). The images are from the time period 15 June - S5 July (which corresponds to the

highest thunderstorm activity in the area), and it was a requirement of the study that the images were cloud-
free.

Radiant temperatures were derived from the thermal channel 4 data (bandwidth 10.30-11.30 jim) which
have a spatial resolution at nadir of 1km (table 3.1). The images are from passes over the study area
between 9:30AM and 7:30PM Alaska Standard Time. It was impossible to obtain cloud-free images from
exactly the same time of day during the thunderstorm season.

Landsat 7 Enhanced Thematic Mapper (ETM) images were used to delineate the burn scars due to
the 30-60m pixel size (table 3.1). These images were from June and August 2000 and 2001, and were
chosen based on availability and low cloud cover. For each of the five images we calculated a digital
Normalized Difference Vegetation Index (NDVI), based on bands 3 and 4. Radiant temperatures were also
extracted from the Landsat 7 ETM+ images and a few additional Landsat 5 TM images for the time period
of 1986-2000. The radiant temperatures were based on band 6, and conversions were performed as
described in Chapter 11 of the Landsat 7 Science Data User's Handbook
(http:/Mtpwww.gsfc.nasa.gov/IAS/handboeok/handbook_toc.hitml).

For the cloud imaging, the Landsat images chosen for analysis were selected on the basis of

location, cloud cover, time of year and time of day. We visually determined the onset of convective activity
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in the vicinity of the burn scars by the presence / absence of convective clouds. For this part of the study, we
examined images from Landsat 4,5 and 7 for the 1990-2002 thunderstorm seasons (May-September). This
yielded only 78 images due to the sparseness of passes (1 in 16 days) and few relatively cloudfree (<40%
cover) summer days.

A paradox complicated our study. If the positive feedback mechanism between wildfire burn scars
and increased convective activity exists, then increased convective clouds might obscure views and make
radiant temperature derivation difficult, thus disabling studying the very effect which brought the clouds in
place. Thus our stady is likely to under-represent any relationship between fire scars and convective

activity.

3.4.2. Burn scar data

The Alaska Fire Service (AFS) maintains a database of Alaskan wildfire burn scars. The burn scars
are digitized and the area, year of burn and identification numbers are recorded for each burn scar (Murphy
et al., 2000). Burn scars were selected from the AFS data set if they were located in or close to the Yukon
Flats area, were greater than 20,000 ha (200 kn1®), and occurred between 1988 and 1993 (figure 3.4). The
time frame was based on the availability of lightning data (1986-99), which we wanted to compare to the
burn scar data before and after the fires.
The burn scar boundaries were more accurately delineated using a Landsat ETM color composite of bands

4-7-2, which was the delineation methods of Koutsias and Karteris (2000).

3.4.3. Lightning data

The Alaska Fire Service operates an automated network of cloud-to-ground lightning sensors. If a
lightning strike is detected by more than one sensor, the position of the strike is then estimated by
triangulation. Positional accuracy of estimated lightning locations varies with the number of detectors

sensing a strike and with detector location geometry. Each detection includes estimates of time, location,
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and the positional accuracy of the strike. In Alaska, the network has been in operation since 1976 and
consists of 9 stations within the state and 3 in the Yukon Territory. The best positional accuracy of lightning
strike data processed after May 1995 is estimated to be 2-4 km (Global Atmospherics, Inc.). Data included
in this study cover the 1986-99 period and are available from the Bonanza Creek Long Term Ecological

Research Site website at hitp://www lter.ualedy .

Since the focus of this study is air-mass thunderstorms, we attempted to exclude days where the
lightning was due to large-scale (synoptic) thunderstorms. An artificial threshold value of 1000 lightning
strikes per day represents a reasonable division between the influence of large-scale (synoptic)
thunderstorms and that of air-mass thunderstorms for Alaska. Thus days when the total statewide lightning

strikes exceeded 1000 strikes were excluded from the data set.

3.4.4. Synoptic weather maps and atmospheric soundings

Very few synoptic weather maps and soundings are archived in Alaska. We have included all
available information useful for analyzing the weather situation for the two case studies of convective
clouds arcund the burn scars. This mainly includes surface maps, 500, 750 and 850hPa. There was only one
Alaskan relevant afternoon sounding available, and the applicability of this sounding, which was from
Fairbanks (225km southwest of Fort Yukon, on the opposite side of the White Mountains), is dependent on
the weather pattern and therefore arguable. The two closest Canadian soundings are from Norman Wells
and Inuvik, Northwest Territories, which, respectively, are situated 855km east and 535km northeast of
Fort Yukon. These soundings were judged to be too far away and additionally under too strong a maritime
influence too be relevant for the Yukon Flats study area. All times below are given as Z (GMT) and Alaska
Daylight Savings Time (ADT).
Case 1: 18Z (10:00AM ADT) 06-29-91 surface map, 00Z (4:00PM ADT) 06-30-91 surface map, 00Z

(4:00PM ADT) 06-30-91 500hPa map, soundings from Fairbanks, Alaska 00Z (4:00PM ADT).
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Case 2: 00Z (4:00PM ADT) 06-25-00 500hPa map, 00Z (4:00PM ADT) 06-25-00 700hPa map, 00Z

(4:00PM ADT) 06-25-00 850hPa map, soundings from Fairbanks, Alaska, 00Z (4:00PM ADT).

3.5, Methods

We selected a total of 13 burn scars within the Yukon Flats for analysis. We defined a 25km buffer
zone around each of the burn scars to represent the surrounding unburned areas (figure 3.4). A buffer zone
of this size was thought to be sufficient to account for uncertainty in the position of lightning strikes and
burn scar boundaries, as well as the advection of developing thunderstorms by local winds. Three areas
were selected as control areas (figure 3.4) in the general vicinity of the burn scars and buffers, but
sufficiently isolated to receive as little influence as possible from the burns or surroundings. As a first step
we investigated pre- to post-fire changes in lightning strike activity over each combined region (scar +
buffer and controls). We subsequently considered changes in lightning activity within the scar, buffer and
control regions independently.

The study used proxies for burn severity classification and net radiation, which were extracted
from remotely sensed data. These proxies help in understanding the observed changes in lightning strike

activity.

3.5.1. Changes in lightning activity

To minimize effects of the large inter-annual variation in lightning strike data, we normalized the
data by relating it to the total lightning in Yukon Flats region. The lightning data are therefore expressed as
a percentage of the lightning strikes in Yukon Flats. The normalized lightning strike data were computed for
the following group averages; 1-2 years pre-fire, and 1-2, 3-4, 5-6, 7-8 years post-fire. For each of the three
control areas, we calculated the same statistics as for the burn scars and buffers, using all four possible fire

year scenarios (1988, 1990, 1991, 1993).
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For each of the five possible before-versus-after-fire scenarios, we used a y’-test and a threshold p-
value of 0.01 to determine significant differences. The period with the largest ) *-values was defined as the
period of the largest changes, regardless of the direction (positive or negative) of these changes. The
difference in normalized data for the time periods of largest changes for scar and buffer were used for
multiple regression analysis. All mention of changes in lightning activity throughout this paper refers to
changes in normalized lightning.

Lightning strike activity was used a proxy for convective activity. This was done because lightning
strike data are detected fairly reliably throughout the thunderstorm season, as opposed to convective cloud
data, which would have to be retrieved from satellite imagery with problems such as temporal and spatial

resolution of the images (table 3.1).

3.5.2. Radiant temperature (AVHRR and Landsat ETM)

The change in radiant temperature was used as a proxy for a change in net radiation. With high
relative post-fire surface temperature, the outgoing longwave radiation is larger, resulting in reduced net
radiation (Chambers et al. Submitted). Furthermore, permafrost retreat and the typically high stomatal
conductance of successional vegetation results in a reduced partitioning of net radiation into atmospheric
heating. An increased partitioning of net radiation into sensible heat flux immediately following fire usually
results in a gradient in heating from the unburmed to the burned region (Amiro et al. 1999), which may
initiate a NCMC.

Radiant temperature statistics for the burn scars and buffer zones were extracted. For each year,
and each scar-buffer pair, the mean radiant temperature difference between the two areas was calculated.
Since it was the relative difference in temperature between the burned and unburned regions that was of
interest in this study, no effort was made to converting the extracted radiant temperatures to absolute surface

temperatures. This procedure was applied to both the AVHRR and the ETM data.
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For each scar-buffer pair, the mean radiant temperature difference was related to the time after the
fire, and was used to examine the duration of elevated temperatures within the scars. NDVI (digital
numbers) for each scar-buffer pair was calculated from the high resolution ETM data. As with the radiant
temperature data, statistics on the NDVI data were calculated for each scar and buffer.

The standard deviation of NDVI (o) within a burn scar was used as one proxy for fire severity and
the post-fire successional stage of the burn scar. Whilst there may not be a straightforward relationship
between fire severity and G, it is likely that o, within a severe burn scar would be low relative to that of
moderate burn scar, since the nature of the fire would be more homogeneous.

A simplified vegetation cover classification within the burn scars and buffer zones was determined
using the high resolution ETM data. Color composites of bands 4-3-2 and threshold values were utilized to
delineate non-vegetated from vegetated areas and to separate coniferous vegetation from deciduous.

The percent cover of coniferous vegetation and deciduous vegetation was used as another proxy
for fire severity and the post-fire successional age of the burn scar. Based on established post-fire
succession trajectories (Van Cleve and Vierick 1981), we assumed that, if a burn scar contains a large
percentage of coniferous vegetation, it is likely to have been a light to moderate burn. Similarly, a large
relative cover of deciduous vegetation would suggest a severe fire. Whilst broadly true, these assumptions
are not without caveats, for example, a light burn within a hardwood forest leaving many pockets of
unburned deciduous trees would be classified as a severe burn under this scheme.

It is likely that if the vegetation in the buffer zone surrounding the scar was homogeneous, that it
would exhibit a low o,. A homogeneous cover of conifers (high percent cover) within a buffer area would
offer the strongest contrast to the burn scar vegetation, and provide the strongest potential for the
development of a NCMC. As a result of typically high albedo (table 3.3) and low Bowen ratios, a burn scar
surrounded by deciduous vegetation would not create as strong a gradient in near surface air temperature as
a burn scar surrounded by conifers. Combining the assumptions and information that we have regarding the

vegetation composition of the scar and buffer, we made an assessment of fire severity for each scar (high,
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medium, or low). This information, in conjunction with matching information for the buffer regions, is used
to assess the potential for, and direction of, NCMCs.

It should be mentioned that a given burn scar would rarely represent a single severity class, rather a

patchwork of severity. This is likely to result in some mixed signals of factors important for lightning

activity within the burn scars.

3.5.3. Multiple Regressions

We used a stepwise multiple regression analysis to examine the factors {table 3.2) potentially
related to the changes in lightning strike activity in the burn scars and buffer zones. Slope and elevation
variables were included to account for the influence of sloping topography, which is related to the need to
account for a lifting mechanism (trigger). The scar and buffer size represent the scale of the examined
surface heterogeneity introduced by the wildfires, an important factor for the possible initiation of NCMCs.
Year of fire was used as a variable to control for effects due to inter-annual lightning variation. The
differences in radiant temperature (mean and extreme) were used as indicators of net radiation differences.

The analysis was run twice (once for each of the dependent variables: “%change in buffer
lightning” and “%change in scar lightning*) for the two periods of largest changes. The analysis was run as
a forward stepwise multiple regression with F = 1.00 to enter and F = 0.00 to remove. The linear regression
between each of the independent variables and the dependent variable was tested first, as well as together in

a final run where all variables were included. This was done for both of the dependent variables.

3.5.4. Cloud Imaging

We examined each of the 78 Landsat images for apparently non-random convective clouds
associated with all the wildfire burn scars in the general Yukon Flats area, not just limited to the 13 scars
shown in figure 3.4. Days with a relatively low overall cloud cover were selected, because a high cloud

coverage would obscure the view and decrease the likelihood of it being a day with localized convective
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activity. The images were examined for isolated convective clouds, which did not appear to be part of a
street or any larger-scale cloud systems, and we would determine if this cloud (or clouds) could be linked to
any terrain features.

We found only two such cases, and for each of these cases synoptic weather maps and atmospheric
soundings were examined to determine the general flow pattern and potential for local thunderstorms. The
potentials were then related to the convective cloud occurrence at the two burn scars and the lightning that
actually occurred on each of the two days. This way we determined if the convective clouds occurring at the

two burn scars could be caused by local circulations induced by the burn scars.

3.6. Results

3.6.1. Lightning strike data (1986-99) - changes in activity over time.

All the fire scars show decreased or no change in lightning activity (0-81%) or no change in
activity (table 3.4a). Most buffers (table 3.4b) show a similar decrease or no change, except for four (895,
998, 1002, and 1099) which show 10-30% increases. The control areas followed the trend in the burned
areas with decreasing or no change in the lightning strike activity (table 3.4¢).

While more than two thirds of the scars show a decrease in normalized lightning when measured as
mean 2-year-period comparisons (table 3.5a), some scars (895 and 905) show a strong increase in relative
lightning for some or all of the two-year comparisons. The largest changes (positive and negative) for any of
the 2-year-period comparisons (before vs. after fires) occur in the 1-2 years post-fire time span (table 3.5a,
b). Some changes were highly significant (p < 0.001) however, as mentioned above, they were not
consistently positive or negative.

The buffer areas surrounding the burn scars show mixed trends (table 3.5b). Four buffer areas
show strong increases in overall relative lightning. The biggest changes (positive and negative) occur in the
5-6 years post-fire time span. However, two of the three biggest burns (891, 1099) show their highest (and

in one case, only) fractional increases 7-8 years post-fire.
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Only one of our 12 control cases (lightning data from the 3 control areas compiled for 4 different
fire years) show consistent positive changes (table 3.5¢). Most of the control cases show negative or mixed
positive and negative changes in lightning strike activity.

These results present a mixed picture. The effect of area in the normalized lightning data was
removed and enabled a comparison between lightning strike density between the burn scars and surrounding
buffers, and the control areas (figure 3.5). Generally, the control areas receive a significantly smaller
fraction of the Yukon Flats lightning per unit area than does the scars and buffers. Table 3.6 shows how
different these distributions really are. Control areas 2 and 3 fall clearly at lower values than the burns and
buffers, whereas control area 1 have a distribution closer to that of the burn scars. However, this control
area (1) is situated only 25 miles from the closest fire scars included in this study, whereas the two other

control areas (2 and 3) are almost twice as far away from the closest burn scars (figure 3.4).

3.6.2. Radiant temperature: AVHRR and Landsat ETM

The AVHRR radiant temperature data indicate that temperature remains elevated within the burn
scars for more than 10 years post-fire (figure 3.6). The Landsat temperature differences were in general
higher than the AVHRR temperatures (figure 3.6, table 3.7). However, the spectral and temporal resolution

differ between the AVHRR and Landsat data (table 3.1, figure 3.6).

3.6.3. Multiple regression
3.6.3.1. Scar Lightning

The normalized lightning in the burn scars ((1-2 years post-fire) - (1-2 years pre-fire)) final run
with all the variables produced the following equation (p < 0.0087, 1* (adj.)=0.61, n = 13). All the variables
included in the following expression are significant (table 3.8):

X, =-322.60 + 0.752*AT, + 0.465*D,,
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where X = difference in normalized lightning in scar{%]
AT, = difference in radiant temperature for the time period
D, = the percentage of deciduous vegetation within the burn scar
The positive relationship with the radiant terperature difference within the first 2 years post-fire and to the
amount of deciduous vegetation within the burn scar (table 3.8) were in agreement with our initial

hypothesis (table 3.2).

3.6.3.2. Buffer Lightning

The normalized lightning in the buffers ((5-6 years post-fire) - (1-2 years pre-fire)) final run with
all the variables produced the following equation (p < 0.0056, r* (adj.)=0.60, n = 13). All the variables
included in the following expression are significant (table 3.9):

X5 =-165663.34 - 0.80*A + 0.987*Y

where X, = difference in normalized lightning in buffer{%]

A = The percentage overlap of the burn scars with burn scars from the1970-79 period

Y = year of fire
Contrary to our initial expectations (table 3.2), buffer lightning activity was negatively related to the overlap
with older (1970-79) burn scars within the burned area.

The year of fire was included in the multiple regression analysis to account for inter-annual
variation in climatic conditions (meteorological conditions favoring thunderstorm development). This factor
contributed significantly as a positive factor in the model of lightning changes in the buffer areas (table 3.9).
The historical development of lightning strike frequency in the Yukon Flats showed an increasing trend
(figure 3.6). It would therefore be tempting to relate the increase in lightning strikes in the area to the year
of the fire as we saw in the analysis. The important thing to emphasize here is that the fact that two variables

have similar trends is not sufficient evidence to imply causality.
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The Yukon Flats is a vegetation mosaic that, although it contains black spruce, is not limited to this
tree type. According to our vegetation classification, two thirds of the vegetated areas on the ETM images
used were coniferous. Most other vegetation types would yield a smaller difference in albedo and net
radiation between the burned and unburned areas. It is therefore not surprising that deciduous vegetation

coverage for the burn scar contributed to the multi-variable regression as a positively related factors.

3.6.4. Cloud Imaging

Only two of the 78 Landsat images were found that showed likely connections between wildfire
burn scars and the onset of convective activity (figures 3.7 and 3.9). They are shown as color composite
images of bands 4-7-2, which is a band combination that exposes burn scars very clearly (Koutsias and

Karteris 2000). We will use these two images as two case studies.

3.6.4.1. Case Study 1 (24 June 2000, 10:004M AST).

The image shows a portion of the Yukon River near Circle, Alaska (Fig. 3.7). Convective clouds
occur in the image in the southeastern corner, and north of the Yukon River in the northeastern corner. The
clouds in the southeastern corner appear to be associated with elevated terrain (Fig. 3.8). However, the
cumulus clouds north of the river show no obvious relationship to topography and are located right off the
northwestern ﬂaﬁk of burn scar #1585, which burned 1 year before this image was taken (1999, 154km’
burned).

Examination of the synoptic weather maps show a weak synoptic flow day for Interior Alaska. A
deep low pressure system over the Gulf of Alaska, and similarly over the Arctic Ocean, resulted in a weak
upper level high pressure ridge over Interior Alaska, a situation conducive to thunderstorm development.
The flow in the Interior was directed from east to west bringing moisture into the region. The air aloft is
cool, and the 850hPa map indicates fairly warm air at the surface. Overall it is a day with weak synoptic

scale activity, ideal for the development of convective activity by local heating differences. The
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atmospheric sounding from Fairbanks, which was taken at 4PM ADT shows a fairly unstable profile with a
good thunderstorm potential.

There were 989 lightning strikes scattered throughout central Alaska on this day, close to our
synoptic condition threshold of 1000 strikes. Some local activity was detected around burn scar #1585,
although the majority of strikes occurred in a concentrated region northwest of this scar (Fig. 3.8). The
lightning activity showed a temporal progression from east to west.

In: spite that the number of lightning strikes on this day are near our arbitrary threshold of 1000
strikes for synoptically influenced convection, this day appears to be a good candidate for the development
of strong NCMCs. A series of AVHRR images, combined with the Landsat ETM morning image (Fig. 3.7),
support the hypothesis that the local lightning strikes could be due to a burn scar-related temperature-
induced NCMC system. The AVHRR images suggested that the lightning activity seemed to end when more
organized cloud cover moved into the area.
3.6.4.2. Case Study 2 (29 June 1991 10:00AM AST).

The image (Fig. 3.9) shows a portion of the Yukon River about 500-600km downstream of the
region shown in Fig. 3.7. Two active fires are identifiable in the image, the western fire resulting in burn
scar #1002 (Fig. 3.4). Convective clouds occur in the western third of the image. Some seem to be
associated with the 1002-burn, and those furthest to the south could be associated with elevated terrain (Fig.
3.10). However, some cumulus clouds (circled), appear off the northwestern edge of burn scar #979, which
burned 1 year before the image was taken (1990; 1.1km?).

On this day, winds were weak and conditions generally those of a dry pattern throughout Interior
Alaska. A surface-level front (The Arctic Front) was moving south towards the Arctic coast, bringing in a
lifting mechanism which is likely the cause of the convective (lightning activity) along the central Brooks
Range (Fig. 3.10). There was the potential for some convective activity in the Upper Yukon Valley due to
the presence of the “thermal trough”. The general pattern was not very unstable, but had potential for the

development of small-scale local circulations. The atmospheric sounding from Fairbanks support
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the diagnosis of a not particularly unstable pattern with a 4PM profile with little to no thunderstorm
potential.

Two stray lightning strikes were recorded northeast of the Yukon River within 100km of burn scar
#1099. The weak synoptic flow was favorable for local convective activity as the general pattern in the
Interior. The morning image (Fig. 3.9) showed the onset of convective activity concentrated around higher
terrain, as was likely the case with the clouds in the southwest corner of the image. The convective clouds
east of the fires are due to the heat of those fires. No lightning was detected in the immediate vicinity of the
burn scar. However, the clouds associated with scar #979 seem un-associated with higher terrain and could
thus be due to heating effects of burn scar #979.

The closest lightning strike was located about 84km to the north of #979. However, since this
strike was within 30km of the large burn scar #1099 it is possible that the scar influenced the convective

development that caused the strike.

3.7. Discussion

The largest temperature difference between the burned and unburned areas occurred in the first 1-3
years post-fire (Fig. 3.6). Surprisingly, the radiant temperature time series had less variation a decade after
than before the fires, although a smaller sample size has to be taken into account. The large standard
deviations in the 1-8 year period post-fire may be due to differences in fire severity and therefore variation
in the resultant speed and trajectory of succession within the burn scars.

The examples of convective clouds near burn scars (Figs. 3.7, 3.9) are both from one year after the
wildfire that created the scar suspected of triggering those clouds. In both cases, the convective clouds
occurred on days when synoptic conditions favored air-mass thunderstorms and do not seem to be
explainable by other factors (topography etc.). Thus, both case studies support our hypothesis, and suggest

the existence of a feedback mechanism between fire scars and convective development. Only one of the
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clouds in the two cases conceivably developed into a thunderstorm that produced lightning (case 1, figure
3.8).

Not all cumulus clouds that occur over a hot surface develop into active thunderstorms, and the
fact that cumulus clouds are observed over a burn scar does not guarantee that a NCMC is present.
However, such signs do indicate a potential for the development of a thunderstorm enhanced by a NCMC.
NCMCs and changes in surface roughness can both trigger and enhance convective development, but many
other potential triggers for convection exist within a burn scar (caused by the heterogeneity) that may lead
to convective development. Without further enhancement (and sufficient moisture and instability), the
plumes and thermals that result from these triggers are more likely to result only in fair-weather cumulus
over the burn scar.

The formation of NCMCs depends on the spatial scale of the surface inhomogeneities which
trigger them (Shuttleworth 1988; Segal and Arritt 1992; Avissar and Schmidt 1998; Pielke et el. 1998). At
smaller spatial scales (<5 kmy), the effect of the turbulent fluxes is limited to the lower part of the boundary
layer (Pielke et al. 1998). At such small scales the atmospheric boundary layer is unable to respond in an
organized way to changes in surface fluxes caused by the vegetation, and instead, acts as an averaging
mechanism (Shuttleworth 1988). However, when the scale is larger (>10km) horizontal differential heating
can lead to NCMC formation, which can affect the whole boundary layer. Several studies have found
~10km to be the smallest scale of surface heterogeneity to influence cloud formation (Klaassen 1992; Blyth
et al. 1994; Mahrt et al. 1994).

Knowles (1993) simulated convective activity and found that while a burn scar of 400km’
triggered cloud development, a 150km’-sized scar did not. He used Alaska lightning data and the Colorado
State University Regional Atmospheric Modeling System (RAMS) for the simulations. The burn scars
chosen for this study were all larger than 200kn?’, but only 62% of the scars were larger than 400km’.
However, satellite images of burn scars and cumulus clouds suggest that even smaller (110-154km?”) burn

scars produce clouds (Figs. 3.7, 3.9), which is consistent with theory, as explained above.
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The number of recorded lightning strikes increased in the buffer zone around a third of the burn
scars (table 3.5b). As a general trend, there was a notable reduction in lightning strike activity within most
of the burn scars, control areas, and a number of the buffers (table 3.5a, b, ¢). However, since this trend was
not consistent for all scars and buffer regions, perhaps other factors influence the potential for these local
circulation patterns,

Primary effects of fire are reduced albedo and reduced transpiration. Usually, this causes increased radiation
absorbtion, and greater partitioning of net radiation into sensible heat flux, leading to a substantial gradient
in atmospheric heating from the unburned to the burned region (Amiro et al. 1999). Fire severity is likely to
have a large influence on both the strength and direction of any local circulation, because it enhances the
differences in surface properties that would drive one of the hypothesized circulations. It is therefore
reasonable that the half of the explaining factors, such as radiant temperature differences between burn and
buffer and deciduous vegetation in the burmn scar, were associated with fire severity.

To explain the cases where lightning activity increased in both the scar and buffer regions, it is
worth restating our lack of wind data. It is possible that either local winds, or stronger lower-tropospheric
winds could have obscured the results by advecting the circulations away from their source regions as
coherent units, as suggested by Baidya Roy and Avissar (2002).

However, at some of the selected burn scars (998, 1002, 1099), lightning increased in the unburned
buffer areas, suggesting that a potential circulation would be directed from the bumed area towards the
unburned buffers. A possible explanation for this could relate to the changes in surface roughness and
atmospheric coupling that occurs after fire. A severe fire in a typical Alaskan black spruce stand consumes
most of the canopy, resulting in a large reduction in surface roughness. The smoother surface following a
severe fire is less efficient at conducting heat to the overlying atmosphere, as surface temperature and
radiative heat losses increase, leading to a reduction in net radiation (Chambers et al., submitted). This
would happen throughout early to mid post-fire succession, where Chambers and Chapin (2003) have

shown that a combination surface roughness, stomatal conductance and a non-linear albedo change can
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rapidly reverse the gradient in sensible heat flux (H) across a burn scar boundary (that is initially from the
unburned to the burned region). Figure 3.11 illustrates the hypothesized scenario in early post-fire
succession following a severe fire of a circulation system directed towards the unburned region. With high
relative post-fire surface temperature, the outgoing longwave radiation is larger, resulting in a reduced net
radiation.

Based on the above assumptions, the greatest difference in net radiation between the burned area
and the surrounding boreal forest should appear in the 3-7 year post-fire time span (figure 3.2). At this
point, the cover of predominantly herbaceous vegetation and tree seedlings has developed sufficiently to
increase the albedo of the burn scar above that of the unburned forest, but not by enough to substantially
increase the surface roughness and coupling with the atmosphere.

Burn scars maintained an elevated surface temperature for at least 10 years post-fire (Fig. 3.6),
indicating that factors that warm the surface (e.g. less efficient coupling to the atmosphere due to the
smoother canopy) have greater impact than factors tending to cool the surface (e.g. increased albedo,
increased stomatal conductance and evapotranspiration). The difference in surface temperature creates the
potential for a local circulation system. Although the role of increased surface temperature in this process
may be limited to the first decade post-fire, the other effects may continue for much longer.

Future climate scenarios from contemporary GCMs indicate a pronounced warming in northern
high latitudes with correspondingly higher fire frequency (Clark, 1988) and expansion of the boreal forest
(Smith et al., 1992). Climate and fire data show that the length of fire season and fire severity are linked to
temperature (Lynch et al., 2003} Since the speed and trajectory of vegetative succession is a function of fire
severity, changes in the size and severity of fires could feedback to the strength and frequency of convective

development at and around the burn scars, and thus to regional fire return frequency.
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3.7.1. Study Constraints

We have found that for the Yukon Flats study area, it is almost impossible to find scar and buffer
areas that do not overlap other scars (figure 3.12), which each contain vegetation at other stages of post-fire
vegetation succession. Thus our analysis is often performed on a vegetation patchwork area, making it
difficult to obtain an isolated signal of fire effects on vegetation contrasts and potential circulations. Instead,
we may be seeing the result of an averaging mechanism produced by the atmospheric boundary layer in
response to smaller scale changes in the surface vegetation, as described by Shuttleworth (1988).

The potential for interaction between NCMCs is also a factor that could be important. For
example, convective activity can be very strong in the case of a peninsula or island, where sea-breeze cells
can form from both sides, and converge in the middle. During the Maritime Continental Tropical
Thunderstorm Experiment (MCTEX) it was found that a dominant flow pattern would oppose the sea-
breeze development and result in enhanced frontal development and likely thunderstorm initiation (Beringer
et al. 2001). Reap (1994) found organized coastal maxima in lightning activity related to land-sea-breeze
convergence zones that form as a direct response to the low-level wind flow on the Florida Peninsula. A
patch of unburned spruce between two severely burned regions could produce a similar effect.

Because many factors influence the production of a land-breeze NCMC, it is often very difficult to
isolate a single cause, and one rarely has a straightforward scenario. Fires rarely burn uniformly across the
landscape and therefore introduce heterogeneity with respect to vegetation, as represented by the standard
deviations of NDVL Interestingly, these standard deviations are larger for the buffers than for the burn scars
in all cases. This must be attributed to the fact that these data were obtained from images taken 7-13 years
after the fires occurred, thus allowing time for the vegetation in the burn scars to become reasonably
homogeneous, whereas the buffers contain old burn scars, new scars, water etc.

The overall accuracy of a study depends on the individual accuracies of the data involved. Thus
this study is probably limited in accuracy by the ~ 2km locational and 90%+ detection accuracy of the

lightning data. We maximized the size of the study regions to minimize this problem. Fair-weather-cumulus
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clouds develop rapidlyand have a relatively short life span (hours) and a limited spatial expanse {few km’s)
(Stull 1988). The use of satellite imagery to study cumulus clouds at high latitudes and their link to specific
surface properties is therefore challenging, since good spatial and temporal resolution does not occur

simultaneously (table 3.1).

3.8. Conclusions

We looked for evidence of a wildfire feedback mechanism around 13 fire scars within the boreal
forest of the Yukon Flats region, Interior Alaska. We found two satellite images where convective cloud
development could be associated with burn scars. In one of these cases, thunderstorm and lightning activity
developed in the immediate area, suggesting a possible burn scar-induced circulation.

We found that in general, relative lightning activity decrease in the burned areas as well as the
control areas following a fire. In some areas, however, lightning activity increased in the surrounding
unburmed areas. In the four cases of positive lightning activity changes in buffers and some scars the
positive lightning activity changes seemed to be concentrated in 2-3 geographical areas.

Primary effects of fire are reduced albedo and reduced transpiration. Initially, this causes increased
radiation absorbtion, and greater partitioning of net radiation into sensible heat flux, leading to a substantial
gradient in atmospheric heating from the unburned to the burned region (Amiro et al. 1999). Fire severity is
likely to have a large influence on both the strength and direction of any local circulation, because it
enhances the differences in surface properties that would drive one of the hypothesized circulations. It is
therefore sensible that the half of the explaining factors, such as radiant temperature differences between

burn and buffer and deciduous vegetation in the burn scar, were associated with fire severity.
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Figure 3.1. The location of the Yukon Flats study region in the Eastern part of Interior Alaska.
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Figure 3.2. Acreage of historic burns in the Yukon Flats. The top portion of the 1980-89 bar is due to a single burn scar
(#1099). This big burn scar is the only of the top 7 bumns with respect to acreage that did not burn in the 1950's.
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Figure 3.3. Time series of Cloud to Ground-lightning strikes in the Yukon Flats from 1986-1999. The straight line
represents the trend (linear regression line).
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Figure 3.4. Yukon Flats study area and the 13 selected wildfire bumn scars with identification numbers. 25km buffers
around each burn scars denote the surrounding area used for the study.
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Figure 3.5. Normalized lightning strike density at the burn scars, buffers, and control areas.
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Figure 3.6. Time series of radiant temperature derived from AVHRR (1989-99 data) and Landsat ETM (1991-2001)
satellite images. The values represents the mean difference between the burn scars and the surrounding unburned areas
(buffers), and the error bars around the AVHRR data points are +1standard deviation. The data are shown as a function
of years before or post-fire. The numbers are sample sizes (number of scar-buffer pairs) represented by the individual data
points.
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Figure 3.7. Cloud “chasing” image number 1. image is from June 24 2000. The burn scar is 154kn?’, burn scar#1585.
The fire burned the year betore the image was taken, in 1999.
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Figure 3.8. Terrain features and rivers within the area represented in figure 3.7 and surroundings. Burn scar#1585 is
shown in outline as a point of reference.
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Figure 3.9. Cloud “chasing” image number 2. Image is from June 29 1991. The burn scar is 110km®, burn scar#979. The
fire burned the year before the image was taken, in 1990.
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Figure 3.10. Terrain features and rivers within the area represented in figure 3.9 and surrounding area. Burn scar#979
1002 1004, and 1099 are shown in outline as points of reference.
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Figure 3.11. Conceptual model of the initiation of a NCMC across a burn scar boundary in the early post-fire
succession stages. 3-15 years post-fire as surface roughness gradually increases in the burn scar there is a dramatic
increase in albedo (0. = 0.15) that perpetuates the reduced net radiation and sensible heat fluxes.

Flgure 3.12. The wﬂdf ire bum scar mosaic of the Yukon Flats showmg our selected 13 scars al (mg thh hlstonc scars

from 1950-1999.
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Table 3.1. Spatial and temporal resolution of AVHRR, Landsat 4, 5 TM, Landsat & ETM, and GOES 10.

80

Satellite Spatial Resolution Temporal Resolution
Landsat 4,5 TM 30m / 60m thermal Every 16 days
Landsat 7 ETM 30m / 60m thermal Every 16 days
AVHRR 1.09km Twice a day

GOES 1-4km Every half hour
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Table 3.2. Independent variables, their representation and predicted correlation for multiple linear regression model runs.
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. Expected Correlation
Variable Name Representation rpecte i
Mean slope (buffer and scar) Trigger Positive
Max.slope (buffer and scar) Trigger Positive
Mean elev. (buffer and scar) Trigger Positive
Elev. range (buffer and scar) Trigger Positive
Max.Elev. (buffer and scar) Trigger Positive
Year of fire Interannual variation in lightning ?
Scar size Perturbed area (NCMC) Positive
Buffer size Undisturbed area (NCMC) Negative
%of scar covered by old Heterogeneity of perturbed area, bum severity, Positive?
burn scars from 1970-79 strength of potential circulation
%of scar covered by old Heterogeneity of perturbed area, burn severity, Positive?
burn scars from 1980-89 strength of potential circulation
%of scar covered by old Heterogeneity of perturbed area, burn severity, Positive?
burn scars from 1990-99 strength of potential circulation
%of buffer covered by old burn Heterogeneity of undisturbed area, Negative
scars from 1970-79 strength of potential circulation
Y%of buffer covered by old burn Heterogeneity of undisturbed area, Negative
scars from 1980-89 strength of potential circulation
%of buffer covered by old burn Heterogeneity of undisturbed area, Negative
scars from 1990-99 strength of potential circulation
Diff. in mean radiant Net radiation, strength of potential circulation Positive
temperature between scar and
buffer - AVHRR
NDVI std.dev. (scar) Heterogeneity of perturbed area, bum severity, Negative
strength of potential circulation
NDVI std.dev (buffer) Heterogeneity of undisturbed area, burn severity, Negative
strength of potential circulation
%conifers in burn scar Post-fire successional stage, strength of potential circulation Negative
%deciduou-s in bum scar Post-fire successional stage, strength of potential circulation Positive
Y%conifers in buffer Landscape successional stage, strength of potential circulation Positive
Y%deciduous vegetation in buffer Landscape successional stage, strength of potential circulation Negative
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Table 3.3. Typical range of values for albedo, emmisivity, and bowen ratio for deciduous, black spruce, and

burn scars. It also shows that emmisivities of burned and unburned areas are similar, Sources for numbers:

1) Eugster et al. 2000; 2) Pielke and Avissar 1990; 3) Chambers and Chapin 2003; 4) Cke 1987; 5) Betts

and Ball 1997; 6) Pattey et al. 1997.

i Deciduous

\ Conifer

Burn Scar
Albedo 0.15-0.20° 0.08-0.09%, 0.10-0.15? ooy |
Bowen Ratio 0207 1.18-1.53%,0.7-3.6 , ..................
Emmisivity 0.95%, 0.97-0,;;;;" 0.95% 0.97-0.98* asphalt 0.95" !
N !
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Table 3.4a. Normalized lightning within burn scars

scar# 13 16 855 858 891 895 985 985 993 998 1002 1604 1099
before 1.37 261 | 214 1.47 2.64 1.60 275 1.18 1.07 2.10 0.27 0.25 4.24
after 0.66 2.66 | 0.96 0.69 2.27 1.61 1.76 0.68 0.47 0.38 0.19 0.24 3.77
difference | -0.71 0.05 |-1.19 -0.78 -0.37 0.01 -0.99 -0.50 -0.61 -1.72 -0.08 -0.01 -0.47
Yodiff -51.64 | 1.80 | -5543 |-53.06 {-1399 |0.73 -36.08 | -42.46 |-56.48 |-81.72 |]-29.52 | -4.49 -11.03
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Table 3.4b. Normalized lightning within buffer areas

scar# 13 16 855 858 891 895 905 985 993 998 10062 1004 1099
before 15.56 {2087 17.59 | 13.07 26.77 8.65 ] 14.15 9.50 18.63 11.42 3.72 6.38 12.49
after 8.27 1594 |9.04 7.24 16.49 9.77 13.32 6.40 8.55 12.58 4.63 6.04 16.17
difference | -7.23 -4.93 -8.55 -5.82 -10.28 1.11 -0.83 -3.11 -10.07 1.16 0.91 -0.34 3.67

Yodiff -46.65 | -23.63 | -48.61 | -44.56 | -38.39 12.88 -5.90 -32.68 -54.09 10.19 2448 -5.36 29.41
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Table 3.4¢c. Normalized lightning within control areas

“Fire yr”/ | 1988 1988 1988 1990 1990 1990 1991 1991 1991 1993 1993 1993
control 1 2 3 1 2 3 1 2 3 1 2 3
area
before 4.71 3.78 8.17 311 3.17 5.12 3.36 2.83 4.64 2.86 2.42 3.84
after 1.90 2.02 2.60 1.64 1.99 2.60 1.78 2.17 2.80 1.62 2.40 3.19
difference -2.81 -1.75 -5.58 -1.47 -1.18 -2.52 -1.59 -0.66 -1.84 -1.24 -0.02 -0.65
Yodiff -59.57 | -46.41 | -68.23 -47.39 -37.34 -49.22 -47.13 -23.16 -39.61 -43.48 -0.82 -16.84
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Table 3.5a. scars

13 16 855 858 891 895 905 985 993 998 1002 1004 1099 P2 P sign? 1
12after-12befol€ {1157 -5420  §-13.90 18265  {-24.20 114.87 111123 42235 122849 {-51.56 {-52.15 13.20  {-2.89 272807 |<10®  ves 13
34after-12before  173.43 53.00 27009 1-19.71 }-3.91 Q13770 {7055 4295 |-43.63 14736 {-7489  {-77.67 |3.87 4.77 0965 Ino i3
S6after-12before  [-86.57 1-7438  |-66.40 [-7618 |-52.53  [281.33 24895 |-32.09 j11.71 |52.81 }-60.31 161.20 |-51.9 16.36 0.175  no 13
78after-12before k\\\\\\ -43.11  1-16.98  [61.63 17149 {86.12 -40.51 |-81.52 |-71.72 {-52.43  {57.57 |55.89 6.14 0.803  {no 11
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Table 3.5b. buffers

13 16 855 858 891 895 905 985 993 998 1002 1004 1099 X2 P sign? n
12afier-12befolC -40.48 1-32.54 ]-48.61 -44.56 1-38.39 {16.17 16699  |-17.04 6.27 96.77 468.41 189.96 29.41  169.00 <10-6  {ves i3
34after-12before 15027 14149 ] -44.93 -48.81 1-30.27 144.55 85.82 -48.06 -60.37 26.49 3430 {-62.79 22.35 13098 Q.002 €S 13
Sbafter-12before -79.23 |-75.91 }-60.31 -32.59 }-60.66 }151.64 25029 {-8.12 -22.54 357.82 277.18 ]55.15 -30.70 1169.19  1<10-6  ]ves 13
78after-12before \\Y\\\\ -36,55 -13.41 ]8.45 59.74 158.89  |-58.32 -83.97 5.12 242.33 110.29 151.50 168.11 <10-6 {yes 11
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Table 3.5¢. controls

“Fire yr”/ control { 1988 1988 1988 1590 1990 1990 1991 1991 1991 1993 1993 1993
1 2 3 1 2 3 1 2 3 1 2 3
12afler-12before {-33.85 -41.92 -68.31 6.94 -45.04 -9.81 78 32 -37 -11 3 40
3dafier-12before  1-65.84 62,71 77.29 15.28 -78.33 -84.41 -105 -33 -57 27 132 233
S6after-12before  1-63.17 -85.20 96.07 29.29 54.08 182.12 -85 48 139 -14 75 23
78afler-12before  |-58.70 4.56 26.45 -26.06 -48.02 23.70 -106 12 -1 \\\\\ \\\

88
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Table 3.6. Extracted data of lightning strike densities (lightning per unit area) within the buin scars, buffers,

and control areas from Fig. 3.5.

Lightning Strikes Control Scars Buffers
per Area

above 15 2 10 11
below 15 10 3 2

total 12 13 13
%above 15 17 77 85
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Table 3.7. The AVHRR post-fire temperature differences were significantly different from the pre-fire

temperatures (p < 0.0001). The Landsat post-fire temperature differences were also significantly different

from the pre-fire temperatures (p = 0.0016).

90

Mean radiant temperature
Data set Time period Standard deviation [EC]
difference (scar-buffer) [EC]
AVHRR pre-fire -0.03 0.37
AVHRR post-fire (3-7 yrs) 1.06 0.69
Landsat pre-fire 0.17 0.55
Landsat post-fire(7-13 yrs) 1.86 1.39
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Table 3.8. Multiple linear regression results for lightning changes in burn scars. Only the variables that
entered the model are included in the table. The variables “in” or “out” refers to the overlap with older burn

scars in the scar and buffers, respectively.

dependent independent p value | adj 12 | std err est |std err intercept] beta(l) | intercept|{ n F sign?
scar lightning meanrad 0.044 | 0.26 72.76 51.31 0.566 -88.10 13 7 5.18 | yes
lightning scarConifer 0.330 10.0032] 8435 63.99 -0.290 79.94 13 1.04 no
scarDeciduous 0.085 | 0.18 76.67 59.05 0.495 -84.84 13 | 3.57 no
All 0.0026 0.98 11.77 45.06 sce below -524.27 13 6836  yes
meanrad 1.240 yes
scarDeciduous 0.321 yes
scar size -0.950 no
scar-std (ndvi std) 2.110 no
buffer-std (ndvi-std) -1.900 1o
scarConifer 0.843 no
bufferDeciduous -0.200 no
buffersize 0.301 no
in1980-89% 0.078 no
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Table 3.9. Multiple linear regression results for lightning changes in buffers. Only the variables that entered

the model are included in the table. The variables “in” or “out” refers to the overlap with older burn scars in

the scar and buffer, respectively.

dependent independent p-value | adjr2 | std errest std err beta(l) intercept n 13 sign?
buffer scar size 0.32 10008 | 15091 64.43 0300 | 10671 | 13 ] 1.09 | 1o
lightning Mean elevation 0.277 1 0.025 ] 149.57 195.11 0.326 -162.6 13 1.31 no
in1970-79% 0.104 | 0.150 | 139.55 95.31 -0.470 95.31 13 3.14 no
out1970-79% 0.11 |0.144 | 140.12 59.51 0.464 -22.85 13 }3.025 no
out1980-89% 0.121 10.132 ] 141.14 55.55 0.452 -10.69 13 2.82 no
scar-std (ndvi std) 0.34 10.00121 151.39 149.19 -0.290 199.76 13 1 1.015 1o
buffer-std (ndvi-std) | 0.21 | 0.059 | 146.91 184.10 -0.370 293.63 13 1 1.759 no
All variables 0.042  0.997 8.62 11519.39  see below -156201 13 336.62  yes
in1970-79% -1.500 yes
Year of fire 0.927 yes
bufferDeciduous -0.270 no
buffer-std (ndvi-std) -1.400 no
buffersize 2.040 no
scarConifer 0.343 no
bufferConifer -0.150 no
scar size -1.300 no
scar-std (ndvi std) 1.610 no
scarDeciduous -0.400 no
out1970-79% 0.051 no
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Chapter 4°. Thunderstorm Activity in Interior Alaska for the Summer of 2001
Abstract

We compiled thunderstorm statistics for the summer 2001 season in Alaska by examining the links
between the thunderstorm potential as represented by Convective Available Potential Energy (CAPE) and
Lifted Index (LI), surface characteristics, as represented by forest coverage and elevation, thundercloud
occurrence and lightning strike frequency. In general, the spatial relationships between CAPE, LI,
thunderclouds and lightning match well. Thunderstorm potential, as described by CAPE shifts from east
towards the western part of the study area through the season. LI was a slightly better than CAPE in
predicting lightning strike frequency and occurrence in Alaska. CAPE and LI values were smaller than
values typical for lower latitudes. The use of vegetation and elevation information with the indices
improved diagnostic skill for all longitude zones and for both thundercloud and lightning strike frequency
by about 9% on average. The amount of explained variation in lightning strike activity and thundercloud
occurrences in many cases was more than 30% larger on airmass then on synoptic days, suggesting that the
underlying surface has more of an influence on thunderstorm development on days with airmass storms than

on days with synoptic storms.

5

This paper was prepared as a manuscript to be submitted to the Journal of Applied Meteorology under the
same title by Dorte Dissing, Peter Q. Olsson, and Dave Verbyla
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4.1. Introduction

General Circulation Models predict that the largest climatic changes will occur at high latitudes
(IPCC, 1996). Recent observations support these predictions (Serreze et al., 2000). This had led to
predictions of increased fire frequency in the boreal forest as the climate warms (Kasischke et al., 1995; Li
et al., 2000). In many areas of the boreal forest, lightning strikes are the primary cause of large wildfires
(Kasischke et al., In Press).

Most publications on lightning and thunderstorms in the U.S. do not even mention Alaska or
include the state on their storm distribution maps (Court and Griffiths, 1992; Price and Rind, 1994;
Schneider, 1996). However, lightning is responsible for more area burned in Alaska annually than in any
other state in the U.S. This is because most forest fires result from lightning activity, occur in remote areas
that are difficult to access, have a low priority for fire suppression, and are very expensive to control
(Chapin et al.,, 2003). In Alaska, little research has been done on the relationships between lightning strike
activity, thundercloud development and the effectiveness of convective indices. This study sets out to
examine these relationships.

In general, thunderstorm formation requires a conditionally unstable airmass, sufficient moisture®
in the lower atmosphere (<3km), and a triggering mechanism to initiate convective activity (Henderson-
Sellers and Robinson, 1986; Schneider,1997; Huntrieser ef al., 1997). The unstable airmass ensures that an
air parcel, if lifted sufficiently, will become positively buoyant and continue to rise to its equilibrium level
(EL). The moisture provides the thunderstorm with energy through the release of latent heat after the air
parcel is raised to its lifted condensation level or LCL (Grice and Comisky, 1976; Schneider, 1996). Some
triggering mechanism often initiates and focuses the lifting and is usually caused by one or more of: (i)
surface heterogeneities (in the case of a convective boundary layer), (ii) mesoscale forcing (orographic or

frontal), (iii) low-level convergence (Schroeder and Buck, 1970), or (iv) upper-level short waves.

® The amount of moisture (to be "sufficient") will depend upon the strength of convection (whether it is deep enough to reach the
lifting condensation level) and the vertical profile of virtual potential temperature (which dictates how much latent heating is required

before free convection starts, and what the vertical extent will be) (Stull, 1988).
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In this study, we group thunderstorms into two broad categories; “localized air-mass” and
“widespread synoptic” events. Air-mass’ thunderstorms form as isolated storms in confined areas and often
result from air-mass interactions with the underlying surface. For example, topography and vegetation
distribution influence the development and location of thunderstorms and lightning strikes (Byers and
Braham, 1949; Hane et al., 1997; Sturtevant, 1995; Dissing and Verbyla, 2003; Burrows et al., 2002). In
contrast, synoptic thunderstorms are typically formed by lifting associated with fronts {Biswas and
Jayaweera, 1976). Air-mass thunderstorms are classified as either convective or orographic, although these
lifting processes often work in combination with each other (Schroeder and Buck, 1970). In Interior Alaska,
low-level advection of marine air masses inland provides the moisture that fuels air-mass thunderstorms,
since boundary layer moisture sources in the Interior are relatively limited. Dry air-mass thunderstorms
(Schroeder and Buck, 1970), are especially important as wildfire starters since their high cloud-base often

results in little accompanying precipitation (less than 0.25cm, httpy/www.spe.noag.gov/). The lack of

moisture in these storms increases the probability of ignition (Rorig and Ferguson, 1999).

Throughout a thunderstorm season, most days with recorded lightning in Alaska are due to air-
mass storms formed in the absence of significant large-scale circulation (Biswas and Jayaweera, 1976;
Henry, 1978). These air-mass thunderstorms start most of the lightning-caused fires in Interior Alaska
(Henry, 1978). However, most of the total number of lightning strikes in Interior Alaska are due to synoptic
events (Fig. 4.1). For example, during summer of 1999 more than 20% of the total annual lightning strikes
were due to lightning from a single day.

In Alaska, thunderstorms have been studied using satellite imagery (Biswas and Jayaweera, 1976),
and inferred from analyzing lightning strike data (Reap, 1991; Dissing and Verbyla, 2003). An alternative
way to examine thunderstorm development, and the approach we implement here, is by diagnostic indices

of atmospheric instability and thunderstorm potential.

An air-mass is defined as any widespread body of air that is approximately homogeneous in its horizontal extent, particularly with
reference to remperature and moisture distribution; in addition, the vertical temperature and moisture variations are approximately the

same over its horizontal extent (Huschke, 1959).
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4.1.a. Background

Static stability is related to the existence and severity of convective activity as conditionally
unstable air provides a higher potential for the upward motion needed for convective storms; the faster the
upward motion, the greater the potential severity of the storm. In general, indices of atmospheric instability
and thunderstorm potential combine factors important for convective activity, such as thermal and moisture
properties and wind shear in the lower atmosphere (Blanchard, 1998). These indices summarize the
potential convective state of the atmosphere with one number.

The Lifted Index (LI) (Galway, 1956) represents a combined measure of the temperature and
moisture conditions important for thunderstorm development. LI is calculated by subtracting the observed
temperature at 500mb from the temperature of a parcel (with the mean potential temperature and mixing
ratic in some arbitrarily layer, typically near the surface) lifted pseudo-adiabatically to that pressure level.
This provides a measure of the “excess” temperature (Galway, 1956), with negative values signifying
positively buoyant parcels, and the most unstable soundings yielding large negative LI (Table 4.1).
Modifications of the LI exist, such as the Best Lifted Index and the Model Lifted Index (Doswell et al,
1991). Solomon and Baker (1994) found LI to be poorly correlated with lightning occurrence in New
Mexico. They found that air at the cloud base levels came from the 700-800mb layer, not the surface level
as assumed when calculating LI, suggesting that LI by itself may not be an adequate tool for predicting or
diagnosing lightning activity.

Convective Available Potential Energy (CAPE) has been described as the ultimate index of latent
instability (Darkow, 1992), because it is based on data from entire atmospheric soundings as opposed to
most other instability indexes (Doswell ez al., 1991). CAPE was first introduced by Moncrieff and Miller
(1976) and has roots in basic thermodynamic concepts.

Graphically, CAPE (usually expressed in units of Jkg™! )is proportional to the positive area on a
true thermodynamic diagram (e.g., skew-T, log-P Hess) between the ambient temperature profile and the

thermodynamic trajectory of a lifted parcel (Fig. 4.2). It represents the potential buoyant energy of an air
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parcel lifted to the level of free convection (LFC). The lifting agent could be a front, a jet streak, forced
upslope flow over terrain, or buoyancy resulting from solar heating, Energy is released by latent heat of
condensation from the air as the parcel rises above its LCL. Thunderstorm development is possible if the
parcel rises to its LFC. High CAPE values correspond to potentially severe convective activity (Table 4.2).

Correlations between CAPE and LI will reveal the fraction of the CAPE variation that is due to
instability. The remaining part of the CAPE variation is caused by factors such as the depth and distribution
of CAPE in the layer between the LFC and EL, as viewed on a skew-T diagram (Blanchard, 1998). Ina
study from high thunderstorm frequency areas of the contiguous U.S., almost 50% of the variation in CAPE
was shown to be due to stability (Blanchard, 1998).

Important factors influencing the size of CAPE are the temperature and mixing ratio of the lifted
parcel, and the environmental temperature above the LFC. Boundary layer depth, temperature and moisture,
are a function of entrainment from above and sensible and latent heat fluxes from below (Garrett, 1982).
The surface fluxes in turn depend on surface characteristics such as vegetation cover, stomatal resistance,
soil moisture and roughness length (Garrett, 1982; Oke, 1987).

The shape of the positive area can provide information about the nature of the potential
convection. The positive area tends to be tall and narrow for oceanic environments and short and wide for
continental environments (Blanchard 1998). Oceanic convection has weaker updrafts than continental
convection at similar CAPE values (Wicker and Cantrell, 1996 ).

Several studies have found high CAPE values correspond to high lightning frequencies for
continental air masses, and low CAPE values corresponded to low lightning frequencies for maritime air
masses (Williams ef al., 1992; Rutledge er al., 1992). However, other studies, conducted both in the tropics
and in Alberta, Canada, found weak to no positive correlations between cloud-to ground lightning
frequency and éAPE (Molinié and Pontikis, 1995; Petersen et al., 1996; Anderson, 1991). To our

knowledge, a CAPE climatology of Interior Alaska has never been synthesized.
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In this paper we examine three factors that potentially influence thunderstorm development in
Interior Alaska: meteorology, elevation, and vegetation. The objective is to understand the relative
contribution of each potential factor, not to develop a new forecasting tool. The two main objectives of this
paper are: (1) to develop a thunderstorm climatology for the summer season of 2001 by examining the
spatial distribution of CAPE, LI, thundercloud occurrences and lightning strikes and their relationships to
the underlying surface and, (2) to evaluate CAPE and LI as diagnostic indicators of convective and

lightning activity in Interior Alaska under various meteorological conditions.

4.2. Study area

This study focused on Interior Alaska (Fig. 4.3), a region where most thunderstorms develop
without the influence of synoptic-scale weather systems (Biswas and Jayaweera 1976; Henry 1978). Almost
90% of all recorded lightning strikes in Alaska occur in the Interior, defined as the region bounded in the
north by the Brooks Range and in the south by the Alaska Range (Fig. 4.3). It is largely restricted to a single
water source for atmospheric moisture - the Bering Sea- because of the barriers provided by the bounding
mountain ranges to the north and south, and the relative aridity of interior N. Canada. Maritime moisture is
transported from west to east across the region by large-scale advection (Reap 1991; Sullivan 1963). Boreal
forest is the dominant biome in the Interior region, covering 63% of the total area (Labau and VanHess,
1990). The dominant vegetation changes from boreal forest to tundra with increasing proximity to the coast
as a result of the west-cast moisture and temperature gradients, The central and eastern regions of the
Interior experience large annual temperature extremes, with relatively hot summers (Hammond and Yarie
1996). Despite the low moisture gradient, there is generally sufficient moisture available throughout the
Interior to fuel thunderstorms.

Since airmass thunderstorms are speculated to be strongly influenced by the underlying surface, we
used a physiographic classification of Interior Alaska, based primarily on physical landscape features such

as relief and proximity to major rivers (Fig. 4.3), as a spatial reference for discussion in this study. In this
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way, we can link thunderstorm potential and activity regions to the physical features of the surface. There is
an east-west climate gradient (from maritime to continental) across the study region. We therefore divided
the study region into east-west longitudinal sectors of 4° width (Fig. 4.4). Here, we shall refer to each
longitudinal sector by its eastern longitude. For example “zone 144" refers to the sector spanning 144-
148°W. The furthest east zone is only 3° wide, due to lack of data on the Canadian side of the Canada-
Alaska border (longitude 141°W). Each zone is 50,000-150,000km? in area, representing the upper end of

the mesoscale.

4.3. Methods
4.3.a. Lightning data

Lightning data from 2001 were used as a primary indicator of thunderstorm development, though
not all convection produces lightning. The data were obtained from an automated network of cloud-to-
ground lightning sensors, operated by the Bureau of Land Management Alaska Fire Service (Reap, 1991).
This network consists of nine stations in Alaska and three in the Yukon Territory. It was implemented for
fire management purposes and therefore explicitly records cloud-to-ground (CG) lightning strikes. The
lightning strike data within the interior region are assumed to have a positional accuracy of 0.5 - 4km and a
detection efficiency of 60-80% in Interior Alaska (Global Atmospherics, Inc, written communication).

The position of a lightning strike is estimated by triangulation. Consequently, a strike is recorded
only if it is detected by more than one sensor. Positional accuracy of estimated lightning strike locations
vary with the number of detectors sensing the strike, and with detector location geometry (Hiscox et al.,
1984). The data recorded for each detected strike include time, estimated location (X, y coordinates),and the
positional accuracy of the sirike. Studies concerning detection efficiency and location accuracy have not
been done in Alaska. However, Idone et al. (1998a,b) did a performance evaluation comparing the network
lightning data with video-derived locations of cloud-to-ground lightning and found a median location

accuracy of two to four km, and a detection efficiency of 67-86% in eastern New York. Throughout this
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paper, a “lightning strike” refers to a recorded CG lightning discharge as detected by the network sensors.
Nothing is inferred about whether a particular strike causes ignition, and no other lightning strikes than CG

are included.

4.3.b. Satellite data

As an independent measure of thunderstorm activity, satellite images were used to map probable
thunderclouds based on cloud-top temperatures. Radiant temperatures were derived from NOAA Advanced
Very High Resolution Radiometer (AVHRR) data. AVHRR were available for every afternoon during the
Alaskan thunderstorm season of 2001 (May-August). Radiant temperatures were derived from the thermal
channel four data, which have a spatial resolution at nadir of one km. The data were obtained from the

NOAA Satellite Active Archive website (http://www saa.noaa.gov). The daily AVHRR data were sought as

close to the hour of maximum lightning activity (Fig. 4.5) in Alaska as possible.

4.3.c. Elevation and vegetation data

Terrain height / relief and vegetation have been shown to influence the development and location
of thunderstorms and lightning strikes (Byers and Braham, 1949; Hane et al., 1997; Sturtevant, 1995;
Dissing and Verbyla, 2003; Burrows et al., 2002). We obtained spatial terrain height (hereafter referred to

as “‘elevation”) and vegetation data from the Alaska Geodata Clearinghouse (www.agde.usgs.gov). An

elevation grid at 1km cellsize was derived from United States Geological Survey 1:250,000 series digital
elevation models, and for this study aggregated as a 45km mean elevation grid.

We used a vegetation grid produced by Markon ef al. (1995) at 1km cellsize. The vegetation
classes were produced using an unsupervised classification of 1991 multi-temporal AVHRR Normalized
Difference Vegetation Index data (NDVI, Markon et al. 1995). Forest coverage may be an important
vegetational factor for predicting areas of thunderstorm / lightning activity (Dissing and Verbyla, 2003). In

this study we aggregated the 1km vegetation grid into a 45km areal coverage [%] forest grid (Fig. 4.4).
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4.3.d. Meteorological data

The meteorological potential for thunderstorm development was assessed using two convective
indices: CAPE and LI Indices are ideally based on the observed data from atmospheric soundings.
However, operational soundings are taken at only two locations in Interior Alaska (Fairbanks and
McGrath). Therefore, since the observations needed to construct maps of the spatial distribution of CAPE
and LI are not available, we have used gridded data from the National Centers for Environmental Prediction
(NCEP) / NOAA Eta model. Data output from the model were archived at the International Arctic
Research Center (IARC) in Fairbanks, Alaska for the summer of 2001. The Alaska data is from the Eta 216
grid at 45km resolution. The data spans most of the thunderstorm season (May-August) of 2001 (Table 4.3).
The Eta data of interest to us for this study is not typically archived for this grid Fortunately, 216 grid data
was archived for 2001 only and represents a rare opportunity for us to utilize this data in a region with very
sparse observations.

The Eta initial objective analysis was derived from atmospheric soundings, surface observations,
satellite data, flight data and several other sources. The spatial scale of the native Eta grid cells is 22 km
square in the horizontal dimension, with 50 vertical levels. The vertical layers are more closely spaced in
the planetary boundary layer and near the upper level jet (~ 250hPa) to more accurately resolve these
regions (Chuang and Manikin, 2001). The special Eta coordinate system incorporates a smoothed elevation
component to account for mesoscale phenomena in mountainous areas. The elevation is represented as a
step function, which is rounded off to the nearest pressure level,

Since the data used in this study does represent a modeled surface, we decided to compare data
from the original two afternoon soundings from Fairbanks and McGrath (Fig. 4.3) with data from the two
corresponding 45km by 45km grid cells in the Eta model. The sounding data is archived by the Dept. of

Atmospheric Science University of Wyoming in Laramie.
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1) CAPE

CAPE calculations are very sensitive to the thermodynamic properties (temperature and mixing
ratio) of the parcel being lifted. No standard method exists as to which parcel to lift, nor to the depth of the
layer within which this parcel would be found (Doswell and Rasmussen, 1994). The Eta post-integration
analysis software selects the parcel with the warmest equivalent potential temperature in the lowest 70mb
above the model surface (Zhang and McFarlane, 1991). The parcel is then lifted from its LFC to its EL (Fig.
4.2). As the parcel is lifted, the positive area within each layer is accumulated as CAPE (Chuang and

Manikin, 2001).

2)LI
Al LI from the Eta model output are computed as the temperature difference between a lifted
parcel and the ambient temperature at 500mb. The LI used in this study is the “Best (4 layer) Lifted Index”.

This is obtained by using the most negative LI from lifting parcels in several constant layers (Chuang and

Manikin, 2001).

4.3.e. CAPE and LI climatology

To produce a spatial climatology of thunderstorm indices and their seasonal variations, daily maps
of CAPE and LI were produced for two-week time periods over the 2001 summer. An isodata clustering
algorithm (Ball and Hall, 1965) was used to group cells with similar daily values in the n-dimensional
space. This way we could determine areas that tended to have high CAPE (or low LI) versus areas that
tended to have lower CAPE (or higher LI) values, thus giving information about the persistence of the
thunderstorm potential. In addition, we tabulated the mean CAPE and LI values for each cluster. The maps
of the two-week clusters were visually compared with the thundercloud and lightning strike spatial

distributions.
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The isodata algorithm is based on a migrating means technique often used a base for unsupervised
classifications, which here produced 3 classes. The maps produced with the resulting unsupervised

classification were used for the visual subjective comparisons.

4.3.f. Thundercloud analysis

An afternoon AVHRR satellite image was acquired for every day throughout the season as close to
mean peak lightning activity and hour of CAPE / LI fields as possible. Thunderclouds were mapped based
on a channel 4 radiant temperature threshold value for the cloud tops of -25°C. Physically, this threshold
value coincides with the formation of graupel (Zajac and Weaver, 2002), which by several stduies have
been found to correlate with the initial electrification process in a cloud (Dye et al., 1986). Biswas and
Jayaweera (1976) used a threshold temperature for cloud tops colder than -28°C as their definition of
thunderclouds in Alaska. It is generally agreed that the anvil portion of the thundercloud is colder than -
40°C (Uman, 1984; Henderson-Sellers and Robinson, 1991; Wallace and Hobbs, 1977) depending on the
height of the tropopause.

A threshold value of -25°C means that high-level clouds and towering cumulus clouds may have
been mapped in the thundercloud category. As the images included in this study represent an instantaneous
snapshot, convective clouds developing earlier or later in the day would be missed. Therefore, we chose to
include too many, rather than too few clouds with our threshold value and to call the category
“thunderclouds”, as opposed to Cumulonimbus (Cb) clouds. High level stratus clouds, which would be
misclassified as thunderclouds in this scheme, were assumed to be fairly rare over Interior Alaska during the
summer.

Maps of thundercloud occurrences were used to compare, verify and evaluate the utility of the
convective indices. These maps were grouped into two-week segments. The total number of daily

thundercloud presences derived from AVHRR cloud top temperatures were summed up to produce
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thunderstorm frequency maps for each two-week segment and each 45km grid cell. The spatial and

temporal scales were the same as the CAPE and LI grids to allow for easy comparisons.

4.3.g. Lightning strike climatology

As a further verification and evaluation of the convective indices, maps of lightning strike data
were produced. The daily lightning data complements the satellite data by directly measuring electrical
activity in convective systems not captured by an afternoon satellite image. The total lightning for each two-
week period was summed to produce spatial distribution maps for each 45km grid cell, corresponding to the

CAPE and LI gridded data.

4.3.h. Statistical analysis

Most of air-mass thunderstorms in Alaska were expected to be influenced by the underlying
surface. We therefore examined the effects of surface properties (elevation and areal coverage of forest) on
the convective indices. These relationships were studied along a climatological transect from continental to
maritime, represented by longitudinal 4° wide sectors from the eastern Interior west to the Seward
Peninsula. The relationships were studied for the entire period, as well as for two separate data sets
representing the airmass and synoptic thunderstorm days. Days with more than 1000 strikes were classified
as synoptic, and days with less than 1000 strikes were classified as airmass days.

The data sets were constructed as follows (Fig. 4.6). For each day and longitudinal transect, all
variables (CAPE, LI, number of thundercloud occurrences, lightning strike count, mean elevation, and
percentage of each cell covered by forest) were recorded for every 45km cell. Within each longitudinal
zone, data for all the days over the season (May - August) were summarized by averaging the changing
independent variables (CAPE, LI, and thundercloud occurrence) for cells with similar lightning strike
frequency. For the variables which remained constant throughout the season (elevation and forest coverage),

we instead summarized lightning frequency and thundercloud occurrences for each cell and used that as a
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base for the regression analysis. Each data point was weighted within the analysis based on the number of
cells it represented. This procedure was repeated for each longitude zone (six zones), by thunderstorm
“mode” (all days, airmass days, and synoptic days), resulting in 18 data sets.

Stepwise multiple regression of each of these data sets was used to evaluate both the relationships
between the thunderstorm potential and the underlying surface, and the usefulness of CAPE and LI as
thunderstorm and lightning indicators for Alaska. This was done by regressing lightning as a function of
vegetation, elevation, CAPE, LI, (CAPE, vegetation and elevation), (LI, vegetation and elevation), and
thundercloud occurrences. Thundercloud occurrences were regressed as a function of the same variables.

Additionally, some data verification and representativeness of the 2001 summer was tested. The
CAPE and LI data from the Eta initialization grid was compared to CAPE and LI values calculated from the
sounding data at the two sites at Fairbanks and McGrath. The 2001 data on lightning, temperature and

precipitation was compared to existing longer term data sets to assess the representativeness of the 2001

SUmmer,

4.4. Results
4.4.a. Seasonal variations in CAPE and LI

The isodata clustering grouped cells that had similar temporal CAPE and LI patterns and allows us
to easily determine the spatial variation in high thunderstorm potential for each two-week segment.
However, the cluster analysis does not seek to make the mean CAPE value of each cluster the same between
the time periods. The maximum CAPE value for any of the clustered groups this season, 1373Jkg™!, was
obtained during the July 2 time period (Table 4.4). Generally, the highest values were found during the
two time segments in July. The CAPE groups are classified as 3 clusters, based on spatial distributions in
the two-week segments {eight segments). The clusters with the highest numeral have the largest mean CAPE

values (Table 4.4). Some time periods did not have enough data for the classification (28 2 weeks of June,

all of August).
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In general, the continental (eastern) half of the study area had higher CAPE values than the
maritime (western) half (Figs. 4.7a, b), in agreement with the tendency for higher maximum diurnal
temperatures in this region. As the season progressed, the high CAPE values tended to migrate towards the
western half. Thus, for the first time period of May_1, a high convective potential appears in the
southeastern Interior, whereas the highest thunderstorm potential appeared in the southwestern part of the
area for the August 2 time period. This time segment shows the largest area of high thunderstorm potential,
extending throughout the entire region.

The cluster analysis of 2-week segments for LI is organized in a like manner to the CAPE cluster
analysis. The lowest LI values have the highest cluster numeral. Thus the least stable cells, which will have
low LI values, have the higher cluster numeral. LI values in general are high (Table 4.5), as compared to the
values from Table 4.2. The minimum LI for any cluster were not always below 0°C. This shows that, just as
is the case for CAPE, values for Alaska differ relative to lower latitudes (Table 4.1, 4.2). The mean values
of maximum CAPE and minimum LI for 5 days with “Alaska severe” (synoptic thunderstorms) and 4 days
of “Alaska not severe” (air-mass thunderstorms) are not significantly different from each other, but the
maximum and minimum values were (Table 4.6},

To further illustrate this point, we used the results from the multiple regression analysis, and
produced CAPE and LI values corresponding to lightning strike frequencies for weak, moderate and strong
convective activity based on Alaskan values (Tables 4.7 and 4.8). These computed LI values are very low
(Table 4.7). In fact, the values are lower than the “very unstable” category of Table 4.1 already at weak to
moderate convective activity, and such low values as in the “very strong convective activity” case do not
occur in the data we analyzed.

The computed CAPE values were similarly low (Table 4.8), and were almost as incompatible with
the values of severe conditions in the contiguous United States (Table 4.2) as the LI values were. Indeed,
the CAPE values were so low, that even for the very severe Alaska days, the CAPE values are not above the

“little to none” convective potential values shown in Table 4.2.
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The least stable air (cluster 3, low LI values) was in the eastern (continental} half of the study area,
and these values did not vary appreciably through the season (Figs. 4.8a, b). Data for LI were unavailable
for the month of July. In general, the areas of least stable air as predicted by LI were less widespread than
the areas of high thunderstorm potential as predicted by the CAPE index, and the index never reached

negative values the furthest west and northwestern areas of the study region.

4.4.b. Seasonal variation in thundercloud occurrence

The most frequent cold cloud top occurrences are concentrated in the southeastern quarter of the
study area (Figs. 4.9a, b), in the regions of White Mountains, Kantishna River, Tanana and Tetlin Flats. In
general, there is a fairly good agreement between the spatial distribution of thunderclouds and the lightning
strikes throughout the season. However, there is a surprising lack of cold cloud tops in the images analyzed
for the June 2 period; a period with relatively frequent thunderstorms in Interior Alaska, as supported by
the lightning strike data. Given the great length of the heating period at these high latitudes, we speculate
that the thunderstorms occurred later on in the day, causing the images, centered around 4pm ADT, to miss
the thunderclouds. May, July, and August show more cold cloud tops than June. During late July and

August, colder cloud tops appear further west, in the Kuskokwim Mountains, Nulato Hills and on the

Seward Peninsula.

4.4.c. Seasonal variation in lightning strike distribution

In accordance with the thermodynamic indices, lightning strike activity is concentrated in the
eastern part of the study area (Figs. 4.10a, b). The thunderstorm season starts in May, where few lightning
strikes occurred during 2001 (Table 4.9). During June, scattered lightning “hot spots” appear in the Ray and
White Mountains, and in the Yukon and Kantishna River Flats. During July the regions of high lightning
activity stay fairly concentrated in the White Mountains, Yukon Uplands and Kantishna River Flats.

Typically the end of July to early August begins the rainy season, characterized by nonconvective stratiform
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precipitation, ending the fire season. The low lightning strike activity in the August 1 time period illustrates
this. However, lightning strike activity increases again in the late August time segment. However, more than
50% of the lightning within the August 2 time period was due to lightning from just two days of strong

convection.

4.4.d. Regression analysis

Regressions predicting thundercloud occurrences had higher 1* than regressions predicting
lightning strike frequency (Fig. 4.11). LI is a better predictor of both thundercloud occurrence and lightning
strike frequency than CAPE at all longitudes (Fig. 4.11), with the exception of the very extreme continental
and maritime zones (140 and 160). This trend is clear on airmass days, but not on synoptic days.

To understand the impact of land surface characteristics, the underlying surface was parameterized
by two variables - percent forest, and mean elevation. Individually, vegetation and elevation can explain up
t0 36% (mean value 12%) and 48% (mean value 8%), respectively, of the variation in lightning strike
frequency and thundercloud occurrences (Table 4.10). When vegetation and elevation was added to L or
CAPE as the explaining (independent) variables, the amount of explainable variation increased (Fig. 4.11).
This was true for all longitude zones and for both thundercloud and lightning strike frequencies.

For the continental longitude zones of 140 - 152, the independent variables CAPE and LI with the
additional vegetation and elevation information result in higher r>-values for airmass days than for synoptic
days. The daily temporal distribution of lightning activity showed that most of the lightning in all six zones
occurred between 1pm and 6pm ADT (Fig.4.12), which is the time window most favorable for surface
heating and thus airmass thunderstorms. However, in the maritime zone 160, almost 50% of the total
seasonal lighting occurred outside this time period (Fig. 4.12f).

The largest differences in r? values between airmass and synoptic days were found in zones 144,
152 and 160 (Figs. 4.11c¢, e). In many cases the explained variation was more than 30% larger on airmass

days than on synoptic days. There were mostly minor differences in zones 140 and 156, and in these two
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zones, the predictions were generally better on synoptic days than on airmass days. Regression r*-values
generally increase from the continental to the maritime zones, for all days, airmass and synoptic days. The
largest variation across the longitudinal transects between the 12 values occur on the synoptic days.

There was a seasonal variation in lightning strike frequency between the longitudinal zones. In the
two most continental zones (140, and 144) most of the lightning (all days) occurred in the month of July
(Fig. 4.14). In zone 152, most lightning occurred in June, whereas for the two western zones (156 and 160),
most lightning happened in August (Fig. 4.14). Zone 148 shows a transition from July to June lightning,
with approximately 40% of the registered lightning in each of those two months. The number of lightning
strikes within each zones decreases rapidly towards the western zones, and the seasonal lightning statistics
for these zones are therefore heavily influenced by the two days of severe storm activity August 26-27. Thus
whatever mechanisms inhibiting convection in the two most continental zones was not preventing it in zones
148 and 152. The number of lightning strikes within each zone decreases rapidly towards the western zones,
and the seasonal lightning statistics for these zones are therefore heavily influenced by the two days of
severe storm activity August 26-27. Evidence of the storm activity from these two days can be seen in Fig.
4.10b.

Thundercloud occurrences and lightning strike frequency are not perfectly correlated. Frequently,
CAPE and LI are better predictors for lightning strike frequency than thunderclouds, especially on synoptic
days (Fig. 4.11e). We tested the correlation between CAPE and LI, similarly to Blanchard (1998) and found
comparatively very high r’-values, ranging from 0.92 in zone 140 to 0.61 in zone 148 (Table 4.11).

A comparison between the appropriate cells of the modeled Eta data for CAPE and LI and CAPE
and LI calculated for the soundings at Fairbanks and McGrath had correlations up to 0.9 (Table 4.12).

Since our data for this study only spans one summer, it is important to test the representativeness
of this summer in relation to the “normal” conditions in Interior Alaska. The temporal distribution of the
2001 summer lightning strike data diverts from a typical Alaska season, as defined by the mean values for

the 1986-99 period, with less lightning strikes in the July 1 and August 1 periods, and more strikes in the
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August 2 period (Fig. 4.15). We compared climatological data for eight Interior Alaska stations for the
summer 2001 with a mean value for the 1950-2002 time period (Fig. 4.12). The temperature and
precipitation data were judged “normal” if they fell within +1 standard deviation of the long-term mean
value. The data shows a generally cool May with normal precipitation in Interior Alaska (Fig. 4.12). June
was within normal warm, but drier than normal, July temperatures were within normal cool, but wetter than

normal, and August had normal temperatures, but was on the dry side of normal.

4.5. Discussion

In general, the spatial relationships between CAPE, LI, thundercloud occurrence and lightning
match well, There was a discrepancy between the indices and the thundercloud and lightning strike spatial
distribution data for the 2-week periods where high instability, as indicated by CAPE, LI, and areas of high
thundercloud occurrence, extend further to the northwest into Selawik Flats and Seward Peninsula than do
the lightning strike data. This suggests that while the convective potential exists in the northwestern Alaska
region (e.g., cold mid and upper-tropospheric temperatures), the inhibiting factors (e.g., low insolation due
to low-level stratiform cloud cover) are too large for the instability to be realized.

The area of high lightning strike activity extended further north into the Yukon Flats and Uplands,
and northern White Mountains than do the thundercloud occurrence and high CAPE values (Figs. 4.7, 4.8,
4.10). Since the AVHRR images used here are for the mean hour of maximum activity for the entire state,
thunderclouds occurring much later or earlier than 4pm ADT would not be detected by the images. A closer
look at the hours of lightning activity happening north of the Arctic Circle (~66°N) reveals that more
lightning strikes occur earlier in the day (1-Zpm) than for the state as a whole (Fig. 4.5).

The months of May and June showed some disagreement between the convective indices,
thundercloud occurrences, and lightning strike activity (Figs. 4.7, 4.8, 4.9, 4.10). However, the temperature

records for May 2001 reveals a relatively cool month in the Interior (Fig. 4.13). During early May, much of
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Interior Alaska may have snow on the ground. Thus, surface heating probably was insufficient to develop a
deep convective boundary layer conducive to airmass thunderstorm development.

We tested the correlation between thundercloud occurrences and lightning strike frequency for all
the longitudinal zones, and found that the two variables are not perfectly correlated (Fig. 4.11). Just as
frequently, CAPE and LI are better predictors of lightning strike frequency than thundercloud occurrence
(as we have defined it) (Fig. 4.11). Several factors are important here, as not all thunderclouds produce
lightning and not all lightning is registered by the detection network, only CG lightning. Additionally, the
thundercloud occurrences are a snapshot for a given day, coincident with the thunderstorm indices and the
mean hour of maximum lightning strike activity, whereas the lightning data are included for the entire day.

There was a good correlation between CAPE and LI for all longitudinal zones (r?-values of 0.61-
0.92). According to Blanchard (1998), these correlations show that 60-90% of the variation in CAPE is due
to instability, the rest is due to factors like the vertical distribution of CAPE. The r?-values of the CAPE - LI
relationship found in this study were higher than the ones reported by Blanchard (1998), which were
typically around 50%. Blanchard’s study was based on data from the contiguous United States, which
typically has more deeply penetrating convection. In Alaska the CAPE is confined to lower atmospheric
levels, thus limiting the variation in vertical CAPE distribution that were observed in Blanchard’s study.

The relationship between the convective activity and the underlying surface was examined by the
use of two variables, percent forest and mean elevation within each 45km cell, in addition te the
thermodynamic indices and observed convective activity variables. Individually, vegetation and elevation
typically explain about 10% (mean value) of the variation in daily lightning strike frequency and
thundercloud occurrences (Table 4.10). The addition of vegetation and elevation information increased the
regression adjusted 1° of the convective indices for all longitude zones and for both thundercloud and
lightning strike frequency predictions by ~9%

‘We found that the days classified as airmass were more similar to the general scenario as

characterized by all the days in the study than were the days classified as synoptic (Figs. 4.11a,c,e) with
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respect to lightning strike frequency. Few days are classified as synoptic, though the large spread in r2-
values which occur within these days could be due to a large variation in thunderstorm development
processes on these days. A large fraction of the annual lightning is due to thunderstorms on the days we
have classified as synoptic. This has a large effect on the maritime zones, which receive less lightning than
the continental zone. Maybe this is why the diagnostic indices capture more of the variation in lightning
strike frequency in the maritime than in the continental zones (Fig. 4.11), explaining the general trend
towards higher r>-values in the maritime zones.

The high r2-values encountered when adding elevation and vegetation to the diagnostic equations
suggest these factors provide additional information about factors influencing thunderstorm development
that is not incorporated into the Eta initialization grids. We also found that the amount of explained
variation in lightning strike activity and thundercloud occurrences in many cases were more than 30% larger
on airmass then on synoptic days (Fig. 4.11). This agrees with earlier studies (Garrett, 1982; O’Neal, 1996;
Dissing and Verbyla, 2003) which suggested that the underlying surface has more of an influence on
convective development on days with airmass storms than on days with synoptic storms. The daily temporal
distribution of lightning activity supports this argument. Most lightning occurred between 1pm and 6pm
ADT (Fig. 4.12); the time window most favorable for diurnal surface heating and consequent airmass
thunderstorms. In the maritime zone however, almost half of the total seasonal lighting did not occur in this
time period.

For the maritime zone, airmass thunderstorms are not as common, and most lightning strikes are
likely due to synoptic conditions. Therefore, surface properties such as vegetation and elevation would not
have as great an influence on the lightning strike distribution as in the continental climate regimes. This is
also supported by the fact the vegetation and elevation is negatively correlated with lightning strike

frequency and thundercloud occurrence in zones 156 and 160, whereas mostly positive correlations occur in

the continental zones.
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In evaluating CAPE and LI as convective activity and lightning strike frequency indicators, we
found that LT was a better indicator of both thundercloud occurrence and lightning strike frequency than
CAPE at all longitudes, except for the very extreme continental and maritime zones (140 and 160) where
the predictive strengths of the two indices were essentially equal (Fig. 4.11). CAPE and LI at all longitude
zones were better predictors of thundercloud occurrences than of lightning strike frequency. It is important
to note that not all thunderstorms produce CG lightning, explaining in part why a variable can be a good
index for convective cloud occurrences, but not necessarily for lightning strike frequency.

CAPE incorporates the degree of instability and the amount of moisture present, thus portraying
two factors that are necessary for development of thunderstorms. In the tropics, CAPE values for severe
storms can be 1000-6000 Jkg™! for deep, moist convective storms (Molinié and Pontikis, 1995). In Alaska,
relatively intense thunderstorm days can be found at CAPE values as low as 300-400 Jkg1. This could be
due to the relatively high number of high-based dry thunderstorms, which exists because of the relatively
dry boundary layer and consequent high LCL seen in Interior Alaska. For these high based storms,
relatively little moisture is involved, and the vertical and horizontal extent of these storms is fairly small and
little CG lightning 1s produced. However, since they are per definition accompanied by very little
precipitation (less than 2,5mm; Rorig and Ferguson, 2002), they are an important factor in wildfire ignition
(Henry, 1978; Rorig and Ferguson, 1999). By contrast, “wet” convective storms occur when there is
abundant lower-level moisture and only moderately conditionally unstable conditions are needed (Rorig and
Ferguson, 1999), as associated fronts often supply the lifting mechanism needed to realize the instability.
The nature of the dry thunderstorms means that convective indices may correctly indicate a lesser
probability for thunderstorms (low CAPE due to little available moisture), but the corresponding fire
starting danger for these storms is very severe.

As noted above a complete data set for this study was available for one summer only. To get an
idea of the representativeness of the summer of 2001, we compared lightning strike, and climatological data

from 2001 with annual and monthly means. We found that the weather of the summer of 2001 deviated
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slightly from an average Alaskan sunmmer with respect to temperature, precipitation, and temporal lightning
strike distribution (Fig. 4.13), but was fairly representative of a typical season.

The comparison between the modeled CAPE and LI data from the Eta initialization fields and the
calculated CAPE values from the sounding data at Fairbanks and McGrath showed 1*-values of 0.59 and
0.91 with only one value below 0.75 (Table 4.12). These differences are within reason of error, given how
sensitive both CAPE and LI are to the selection mechanism for the parcel to be lifted, which is likely to
have been different between the two calculation methods. Also, the model probably performs some
smoothing operation for the large 45km grid cells, whereas the sounding calculations represent a point
value. Thus we found a fairly good agreement, suggesting it safe to conclude that the relationships we have
found between thunderstorm activity and CAPE/LI are real, and not just an artefact found between

thunderstorm activity and the eta model’s forecasts of CAPE/LL

4.6. Summary
Here we have analyzed thunderstorm activity and related parameters for the summer 2001 season
i Interior Alaska. We have examined the links between the thunderstorm potential as represented by CAPE

and L1, surface characteristics, as represented by forest coverage and elevation, and thunderclouds and

lightning strikes. We have found that :

* Most of the lightning strike activity in Alaska takes place in the eastern part of the Interior (Fig.4.10). This

agrees well with previous studies in the area (Biswas and Jayaweera, 1976, Reap, 1991).

* In general, the spatial relationships between CAPE, LI, thunderclouds and lightning match well (Figs.4.7-

4.10).
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* Thunderstorm potential, as described by CAPE shifts from east towards the western part of the study area

through the season.

* Use of vegetation and elevation information with the convective indices increased the diagnostic skill for
all longitude zones and for both thunderstorms and lightning strike frequency predictions by on average
about 9%. The amount of explained variation in lightning strike activity and thundercloud occurrences in
many cases were more than 30% larger on airmass then on synoptic days, when the vegetation and elevation
formation was added to the predictive indices. This agrees with earlier studies (Garrett, 1982; O’Neal,
1996; Dissing and Verbyla, 2003) and suggests that the underlying surface has more of an influence on
convective development on days with airmass storms than on days with synoptic storms. This is to be

expected considering the nature of lifting mechanisms involved with the two classes of storms.

* In evaluating CAPE and LI as convective activity and lightning strike frequency predictors, we found that
LI in most cases is a slightly better predictor of both thundercloud occurrence and lightning strike frequency
than CAPE. All the variables at all longitude zones were better indicators of thundercloud occurrences than
of lightning strike frequency. This agrees with earlier findings (Anderson, 1991) that it is easier to diagnose

the occurrence of lightning than its frequency.
* The extreme (max, min) variation in the two indices does capture the difference between very electrically
active and inactive storms in Alaska, but there was too much variation in the indices to do reversibly

defined lightning occurrence thresholds.

* Typical midlatitude and tropical values of CAPE and LI given in other studies are not illustrative for the

Alaska case. In Alaska, electrically intense thunderstorms can be found at CAPE values as low as 300-400
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Jkg‘l. This could be due to the relatively high number of high based (dry) thunderstorms that result from

the relatively dry boundary layer typical of Interior Alaska.

Climate warming is a factor making future predictions of the Alaskan thunderstorm and fire
regimes difficult. However, even for present conditions, the links between climate, vegetation and fire are
very importtant for the boreal environment, but still poorly defined (Campbell and Flannigan, 2000). Thus a
better understanding of the processes involved is necessary. This study represents a first view of the some of

the existing links using the available data.
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Lightning in Interior Alaska

Figure 4.1. Annual lightning variation in Interjor Alaska. Max day is the lightning on the day with the
most recorded strikes. Synoptic lightning is the sum of all days with more than 1000 recorded strikes.
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Note that synoptic events contribute a large part of the total annual strikes.
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Figure 4.2 Atmospheric sounding shown on a skew-T diagram. CAPE is
represented by the above positive area, which is bound downwards by the
level of free convection and upwards by the equilibrium level. After
Doswell et al. (1991).
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Figure 4.3. The Alaska study area, including the physiographic regions used for geographical reference purposes.
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Figure 4.4 The analysis was conducted for six longitudinal sectors, which follow a climatological gradient from
continental to maritime.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

125



126

#lightning #lightning
| Strikes | Strikes (66N)

5000 - 100(¢
{@ Nof 66N [ | All of Alaska
4000 | ! ~ 800
3000 - | 600
! 2000 e oo o 1. 400
1000 - . }, - 200
N
| ;
0 §_\:$1N1§7 N N D b | N‘Igﬁ[g 1 : : N1 % §~1 .
0 2 4 6 8 10 12 14 16 18 20 22 26
LHour of Day [ADT] l

Figure 4.5. The hour of maximum lightning activity for the 2001 season in Alaska and north of the Arctic
Circle (66°N). Most of the lightning strikes hit between 4pm and 6pm ADT. All the lighting strikes for the
2001 season are included.
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Figure 4.6. Construction of data sets used for linear regression. For each cell (45km by 45km) of each
longitudinal transect, values for the six variables (CAPE, LI, # of thundercloud occurrences, # of lightning
strikes, mean elevation, and % of each cell covered by forest) were written to an output file. The file contained
cell data for the whole season, thus we created 18 files. One for each longitudinal transect (6), and one for each
meteorological condition (all days, synoptic days, airmass days).
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Figure 4.7a. Seasonal spatial distribution of CAPE for the summer of 2001, divided into two-week time segments. Data
was insufficient for the cluster analysis for the second period of May and all of August.
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Figure 4.7b. Seasonal spatial distribution of CAPE for the summer of 2001, divided into two-week time segments. Data
was insufficient for the cluster analysis for the second period of May and all of August.
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Figure 4.8a. Seasonal spatial distribution of LI for the summer of 2001, divided into two-week time segments. Data was
unavailable for all of July.
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Figure 4.8b. Seasonal spatial distribution of L1 for the summer of 2001, divided into two-week time segments. Data was
unavailable for all of July.
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Figure 4.9a. Seasonal spatial distribution of Cb occurrences for the summer of 2001, divided into two-week time
segments. The classification 1s based on a cloud top temperature of -25°C.
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Figure 4.9b. Seasonal spatial distribution of Cb occurrences for the summer of 2001, divided into two-week time
segments, The classification is based on a cloud top temperature of -25°C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

Lightning strikes /cell
Lo

1-10
C]10-25
Lo

'3 0 300 Kilometers
]

Figure 4.10a. Seasonal spatial distribution of lightning strikes for the summer of 2001, divided into two-week time
segments. For each time petiod, the total number of lightning strikes within each grid cell were summed up.
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Figure 4.10b. Seasonal spatial distribution of lightning strikes for the summer of 2001, divided into two-week time
segments. For each time period, the total number of lightning strikes within each grid cell were summed up.
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Figure 4.11a-f. Coefficient of determination (r2) results from the multiple regression analysis. Each analysis was run with
lightning strike frequency and convective activity (thundercloud occurrence) as the dependent variation. The data is classified
as either all days in the season, airmass days, or synoptic days.
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Figure 4.12a-f. Lightning strike distribution by 6-hourly periods for the 2001 lightning season. The values are the hours,
and the percentages represent the fraction of the total annual lightning, which occurred in that time period for each
longitudinal zone.
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Figure 4.13. Precipitation (a) and temperature (b) data from 8 Interior Alaska stations in 2001.
The values represent the difference from the mean values for the 1950-2002 time period, and the
lines represent +1 standard deviation from the mean.
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Table 4.1 Typical values of LI (from Sturtevant, 1995).

LI [K] B Possibility of Thunderstorm ] )
>0 unlikely ‘
0--2 possible, good trigger needed ‘
3--5 ~ unstable / thunderstorm probable l
<-5 o very unstable / heavy to strong thunderstorm potential. |

Table 4.2. Typical CAPE values (from Sturtevant, 1995).

jCAPE [Jkg-1 or m2s-2] Convective Potential )

300-1000 weak ﬂ
1000-2500 moderate ] |
2500-3000 strong ) |

Table 4.3 Temporal coverage of meteorological data for summer 2001.

t[ndex - Time Covefége (Julian Days) i Number of Days »
EAPE i121-176, 178-221, 229-243 114
LI ~ [121-176, 178-181, 213-221, 229-243 84 ~
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Table 4.4 Statistics for the two-week segment clustering algorithm of CAPE. Values of mean, standard
deviation, maximum and minimum values for each clustered group. See figure 4.7a-b for spatial

representation of the clustered groups.

'two_week | ‘ i
segment  cluster#  #of days #cells in cluster imean  std.dev  max min
May 1 1 15 225 148 1106 410 0.8

May 1 2 15 27 1407 |111.1 3719 44

May 1 3 15 - - - - -

May 2 1 16 140 125 135 49.6 1

May 2 16 79 508 38.5 1263 5.6

May 2 3 16 33 121.0 713 3005 30

Tune 1 1 15 108 45.1  49.6 200 3.72
June 1 2 15 104 112 1461 4998 58

June 1 3 15 40 2760 5104 1023 203
July 11 15 90 419 180 73.8 14.9

Tuly 1 2 15 113 1574 1009 ]3837 393
July 1 3 15 49 3226 3013 10094 |18

y 2 16 95 355 20.0 80.0 9.1
Wy2 2 16 103 1851 1752 5672 155
Tuly 2 3 16 54 2597 3243 13726 363

Aug 2 1 15 75 418 385 1486 1.5

Aug 2 2 15 109 89.0  68.6 246.1 6.1

Aug 2 3 15 68 1204 1099 13800 1.5
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Table 4.5 Statistics for the two-week segment clustering algorhitm of LI. Values of mean, standard
deviation, maximum and minimum values for each clustered group. See figure 4.8 for spatial representation

of the clustered groups.

e Jo—

;i’cwoﬁweek ‘ |
‘segment cluster#  #of days #cells in cluster mean std.dev max  Min B
may1 1 14 107 N 3.5 168 5.5
mayl 2 14 54 71 31 120 23 |
mayl 3 §14 o1 3.3 23 7.9 09 !
may?2 1 16 66 B2 1 139 62
may?2 2 16 72 sS4 19 8.3 2.3
may?2 3 16 114 29 2.2 84 b2
junel 1 15 70 4.5 3.5 119 0.6
junel 2 15 115 2.4 2.2 69 06
junel 3 15 67 1.0 1.9 39 21
june2 1 4 96 4.7 2.8 94  p4
une2 2 14 70 24 03 64 03
june2 3 4 86 1.4 1.9 52 0.6
august] 1 9 96 102 19 114 4
augustt 29 72 74 1.7 101 B8
augustl B3 9 84 45 1.4 6.5 s
august2 115 77 4.4 4.1 122 0.1
august2 2 15 87 28 2.5 74 02 |
august2 3 15 88 1.5 I 46 06 i
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Table 4.6. Comparison of 5 intense lightning days (synoptic storms, lightning strikes > 700day‘1) with 4

non-intense lightning days (air-mass storms, lightning strikes 100—200day'1).

137

Table 4.7. Predicted values of LI for set numbers of lightning strikes per 45km by 45km cell, using the

Lightning intensity # of lightning strikes Mean CAPE 5Max. CAPE Mean LI Min. LI #of days ,
A} Intense (synoptic) >700 133.9 2600 12 -6.0 5 |
B) Not intense (air-mass}|100-200 135.8 720 2.7 -2.0 4 ;
p-value(AvsB) - 0.955 0.0023 0.1186  0.035 - !

results of the multiple regression analysis for two of the longitudinal zones (140 and 160), showing extreme

continental and extreme maritime conditions.

Lightning | |

per cell convective activity;140 (synoptic) 140 (airmass) 160 (synoptic) 160 (airmass)
0 none 5.1 738 6.0 73

S weak 3.9 -1.8 0.9 0.2

10 moderate +13.0 -11.4 7.9 -7.0

15 |moderate 221 21.0 [14.8 14.1

100 very strong L176.7 -184.5 L1329 -135.6
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Table 4.8. Predicted values of CAPE for set numbers of lightning strikes per 45km by 45km cell, using the

8

results of the multiple regression analysis for two of the longitudinal zones (140 and 160}, showing exireme

continental and extreme maritime conditions.

e

Lightning ,
er cell convective activity 140 (synoptic) 140 (airmass) 160 (synoptic) 160 (airmass)
0 none 2.0 3.5 0.6 0.7
5 weak 12.4 12.5 7.0 7.6
10 moderate 22.9 21.6 13.4 41.4
15 moderate 33.3 30.7 19.8 21.3
100 very strong 2104 185.3 128.8 i137.7
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Table 4.9. Temporal lightning strike distribution over the 2-week periods of summer season 2001. The last

column represents an average temporal lightning strike distribution for Interior Alaska, based on lightning
data from the 1986-99 period.

1 ‘\ total strikes in % mean strikes
Julian day Dates Time period eriod Yestrikes in period 1986-99
121-135 May 1 - 15 May 1 0 0 0.52

136-151 May 16 - 31 May 2 73 0.27 1.65

152-166 Tune 1 -15 June 1 1949 18,47 13.73

167-181 June 16 - 30 Tune 2 6151 2295 22.54

182-196 buly 1~ 15 July 1 1237 15.81 35.65

197-212 July 16 - 31 Tuly 2 65579 D4.55 18.01

D13-227 August 1 - 15 [August_1 86 0.32 65.59

228-243 August 16 - 31 jAugust 2 4722 17.62 1.22
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Table 4.10. Results of the regression analysis modeling lightning strike frequency as a function of

140

vegetation and elevation. The table shows significant r’-values for the regression for each longitudinal zone.

Dependent longitude Independent All days Airmass days Synoptic days
variable variable

Lightning 140 %Forest cover 0.02 0.03 -
Lightning Elevation 0.35 0.31 0.35
Thunderclouds 9%Forest cover 0.06 0.06 0.08
Thunderclouds Elevation 0.36 0.34 0.34
Lightning 144 Y%Forest cover 0.08 0.08 0.02
Lightning Elevation 0.14 0.16 0.01
Thunderclouds Y%Forest cover 0.01 0.01 0.01
Thunderclouds Elevation 0.36 036 0.36
Lightning 148 9%Forest cover | ~ - 0.16
Lightning Elevation 0.08 0.09 0.003
Thunderclouds Y%Forest cover 0.20 0.20 0.20
Thunderclouds Elevation - N -
Lightning 152 YForest cover 0.02 0.01 0.004
Lightning Elevation 0.04 0.02 0.05
Thunderclouds %Forest cover 0.004 0.004 0.004
Thunderclouds Elevation 0.06 0.06 0.06
Lightning 156 Y%Forest cover | 0-03 0.09 0.003
Lightning Elevation 0.07 0.03 0.05
Thunderclouds %Forest cover 0.02 0.05 0.02
Thunderclouds Elevation 0.02 0.02 0.01
Lightning 160 %Forest cover | 0-003 0.06 0.14
Lightning Elevation 0.003 - 0.004
Thunderclouds %Forest cover 0.11 0.48 0.48

Thunderclouds

Elevation
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Table 4.11. Correlations between CAPE and LI, similar to Blanchard (1998).

Longitude Adjusted r*-values
140 0.92
144 0.70
148 0.61
152 0.84
156 0.86
160 0.82
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Table 4.12. Comparison (r’-values) between the 45km by 45km cells of modeled Eta CAPE and LI and
CAPE and LI calculated from the raw sounding data from Fairbanks and McGrath.

142

CAPE LI
Fairbanks 0.75 0.77
Mc¢Grath Q.59 0.91
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Chapter 5. General Conclusions

This dissertation has focused on the development of thunderstorms and lightning strike activity in a
boreal forest region in Interior Alaska and on how the underlying surface can influence their development. I
have examined the distributions and correlations between lightning strikes, thunderclouds, thunderstorm
indices (CAPE and LI), elevation, and vegetation variables in Alaska. The relationships were examined at
scales ranging from the Interior region of the state to individual wildfire burn scars, and at temporal scales
ranging from annual to daily. The objective is to understand the influential factors and processes
responsible for thunderstorm development in Alaska, such that we may produce well-founded predictions

on future thunderstorm regimes caused by a changing climate.

5.1. A hierarchy of spatial scales

At the regional scale (interior Alaska, 630,000km*) we found that forest coverage and elevation
were important factors for determining lightning strike densities. Within the region, lightning strike density
was consistently higher in boreal forest than in tundra or shrub vegetation (figure 2.7). The interaction
between increasing boreal forest area and elevation was correlated with increasing lightning strike density,
providing explanation for 66% of the variation in the lightning strike densities at this scale (table 2.1).
Boreal forest, due to its high sensible heat fluxes, may enhance convective activity of air-mass
thunderstorms (Harding et al, 2001). Another explanation is that the boreal forest biome exists in a climatic
region that sustains the convective activity. Qur data suggest that both explanations are important.

The areas of highest lightning strike densities seemed to be located within 10-25km on either side
of the boundary between boreal forest and tundra (figures 2.5 and 2.6), suggesting that the boreal forest-
tundra boundary (treeline) has an impact on thunderstorm development. This is similar to suggestions by
Pielke and Vidale (1995) who proposed that the northen boreal forest to tundra transition through its

differences in surface heat fluxes influenced the position of the polar front. Conversely, other studies argue
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that the position of the northern treeline represents a response to, rather than a forcing on, the summer
position of the Arctic front (Serreze et al., 2001, Beringer et al., 2001). However, the authors conclude that
the differences in energy partitioning between tundra and boreal forest could be significant enough to drive
local-scale circulations of ecological importance (Beringer et al., 2001). This has strong implications for
future climate change scenarios, with speculations about extension of treeline (Wilmking, 2003).

Consistent with the observed trend for the regional scale, the mesoscale showed higher lightning
strike densities within the boreal forest, followed by shrubs and tundra (figure2.7). The effect was more
pronounced in the continental than in the maritime climate. The combination of boreal forest areal
coverage, elevation, and a continentality factor explained for ~57% of the variation in the lightning strike
density (table 2.2).

The mesoscale (longitudinal transects, ~100,000km?) is important for airmass thunderstorm
development, and some of this research has focused on the distinction between the airmass and
thunderstorm days. I found that the amount of explained variation in lightning strike activity and
thundercloud occurrences in many cases was more than 30% greater on airmass then on synoptic days,
when the vegetation and elevation information was added to the predictive indices. This agrees with earlier
studies (Garrett, 1982; O’Neal, 1996) and suggests that the underlying surface has more of an influence on
convective development on days with airmass storms than on days with synoptic storms. This is to be
expected considering the nature of lifting mechanisms involved with the two classes of storms. In Alaska,
electrically intense thunderstorms can be found at CAPE values as low as 300-400 Jkg'l. This could be due
to the relatively high number of high based (dry) thunderstorms that result from the relatively dry boundary
layer typical of Interior Alaska.

In general, the thunderstorm indices of CAPE and LI explain larger fractions of the variation in
lightning strike frequencies than did the forest cover or elevation variables individually. T found that the

presence of thunderclouds, as determined by an afternoon AVHRR image, was not consistently the best
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predictor of lightning frequency. This is different from Anderson (1991), who concluded that convection
was the best indicator of lightning occurrence.

At the local scale (physiographic sub-regions, 50,000km?) I found that more than half of the sub-
regions showed the highest lightning strike densities within boreal forest. Elevation and forest coverage did
not provide as good an explanation for the variability in lightning strike data as at the meso- or regional
scales. However, the best model for explaining lightning strike density was still the combined model of
elevation and areal forest coverage. The combined effects of boreal forest and elevation on increased
lightning strike activity was found in the larger scales (regional and mesoscale), but was less prevalent at the
smallest scale (local). The zones at the local scale that were examined were delineated based on
physiographic features such as proximity to major rivers, or mountainous areas. Possibly not all of these
delineations were appropriate for showing the above effects, thus I only saw trends similar to the larger
scales at some zones, whereas the statistical analysis, incorporating all the zones, did not show as strong a
pattern. Likewise, the study of high lightning strike density pixels in relation to the boreal forest-tundra
boundary did not portray a consistent pattern at the patch scale (regardless of size).

At smallest scale (200 - 2200km’) , lightning strike activity was examined with respect to
individual wildfire burn scars in the Yukon Flats. I looked for evidence in support of a wildfire feedback
mechanism as suggested by modeling studies (Knowles, 1991) around 13 fire scars within the boreal forest
of the Yukon Flats region, Interior Alaska. I found two satellite images where convective cloud
development could be associated with bumn scars. In one of these cases, thunderstorm and lightning activity
developed in the immediate area, suggesting a possible burn scar induced circulation. We found that in
general, relative lightning activity decrease in the burned areas as well as the control areas following a fire.
In some areas, however, lightning activity increased in the surrounding unburned areas. In the four cases of
positive lightuing activity changes in buffers and some scars the positive lightning activity changes seemed
to be concentrated in 2-3 geographical areas. Were these local circulation patterns related to the presence of

the wildfire burn scars, or were they related to local topography and small-scale meteorology?
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In examining factors with a possible influence on these local convective patterns, I discovered that
the changes in lightning strike activity were tied closer to parameters describing fire severity, such as
difference in radiant temperatures between the burns and surrounding buffers and deciduous vegetation
within the burn scars, than to environmental variables such as slope and elevation.

The predominant result from this study however, was that the Yukon Flats is a vegetation mosaic
heavily influenced by the areas active wildfire history, making it difficult to detect a feedback mechanism.
Additionally, a given burn scar would rarely represent a single severity class, rather a patchwork of severity.
This is likely to result in some mixed signals of factors important for lightning activity within the burn scars.
We have found some evidence in support of the existence of the feedback mechanism, but not enough to
make any strong statements about it.

These scale-related studies show that both processes and important variables for development of
thunderstorms and lightning activity vary both within and between the scales. It appears that on the larger
scales, the combined effects of boreal forest and elevation on increased lightning strike activity were more
prevalent than at the smallest scale (local). When the scale gets very small, bordering the scales were
surface properties no longer appears to have a strong influence on the boundary layer (<10km;
Shuttleworth, 1988; Blyth et al. 1994, Pielke et al. 1998), the burn scar study showed that it gets
exceedingly difficult to isolate influential signals and factors. Chapter 4 correlated lightning strike
frequencies within the mesoscale, but each cell represented a 45 by 45km area. The results suggested that
the underlying surface (in the form of areal forest coverage and vegetation) has more of an influence on

convective development on days with airmass storms than on days with synoptic storms.

5.2. Assumptions

The distinction between synoptic and airmass thunderstorms have several interpretations. This
project used the scenario as described by Biswas and Jayaweera (1976) where Alaskan thunderstorms are

grouped into two general categories; localized air-mass and widespread synoptic. Thus, air-mass
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thunderstorms form as isolated storms in confined areas, and result from air-mass interactions with the
underlying surface. Synoptic thunderstorms are typically formed by frontal activity. Most days with
recorded lightning in Alaska are due to air-mass storms formed in the absence of significant large-scale
circulation, but most lightning occurs on the few days with synoptic storms (Biswas and Jayaweera, 1976;
Henry, 1978). A study of summer convection over the Mackenzie River basin classified most of the
lighnting as resulting form airmass thunderstorms (Kochtubajda et al., 2002). Air-mass thunderstorms start
most of the lightning-caused fires in Interior Alaska (Henry, 1978).

The most correct and thorough distinction between the two types of thunderstorms would be based
on the meteorological conditions as determined by synoptic weather maps. However, this method would be
both time-consuming and somewhat subjective. We therefore chose to keep the very conceptually simplistic
distinction based on Biswas and Jayaweera’s study. When quantitative distinctions had to be applied (i.e.
was this a synoptic or an airmass day), we used a somewhat arbitrary threshold at 1000 strikes. In the
Mackenzie River study, Kochtubajda et al. (2002) used a threshold of 2000 strikes to distinguish between
extreme and moderate lightning events. For an average Alaska thunderstorm season, use of this threshold
would have reduced the number of days classified as synoptic from 5-10 per year to 2-3, which does not
adequately illustrate the meteorological conditions. If we assume that our threshold of 1000 strikes is an
appropriate distinction value, a change to 2000 strikes should not change the synoptic categories
mentionably but would likely make some large changes to the airmass category.

Other thresholds or methods of separating the two thunderstorm types could certainly be applied.
One possibility would be to base the distinction on the time of day where the thunderstorm / lightning
strikes occurred. The most favorable time for airmass thunderstorm development would likely be associated
with the diurnal heating cycle and fall in the noon-4pm time frame. Table 5.1 shows that these two
approaches would yield rather similar results, using the 2001 lightning data set (Chapter 4 data) as an

example.
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Table 5.1. Distribution of lightning strikes for days classified as airmass days based on two different distinction methods.

Distinction Method (airmass thunderstorms) % of total annual lightning (Interior Alaska region)
< 1000 strikes per day (Alaska region) 51.7
noon-4PM (ADT) 45.6

5.3. Alaska lightning strike climatology

The Alaskan thunderstorm season goes from May-September with very few exceptions. The hours
of most lightning activity are 4-6PM (ADT), and 80% of the total strikes occur between 1PM and 8PM
(ADT). Almost 60% of the total annual lightning strikes are recorded in the last half of June or first half of
July, typically coinciding with the highest summer temperatures in the Interior (Fairbanks). However,
correlations between total annual lightning and Fairbanks mean temperatures (May-August) are low,
ranging from less than 0.01 to 0.13, highest for the month of July because most the strikes are associated
with synoptic rather than airmass storms. At Mackenzie River, Kochtubajda et al. (2002) found that the
days with extreme lightning events occurred on days slightly warmer (+1.9°C) than the more moderate
lightning days.

It is difficult to say if the number of total annual lightning strikes has increased in Alaska due to
several factors. First, the lightning detection network has been updated, making comparisons difficult.
Second, a data set of 17 years is not much to base such predictions on. However, in comparing the seasonal
distribution of lightning from 2001 and 2002 with the 1986-99 average, it appears that a higher fraction of

lightning strikes are recorded earlier and later in the season in the last few years (figure 5.1).
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Figure 5.1 Seasonal distribution of lightning strikes in Interior Alaska,

13 percent of the total annual two-week periods.

lightning strikes.

The areas with the most recorded lightning are all located in the eastern to central part of the
Interior. Continental Alaska has more lightning than the maritime parts, which have a milder climate with
more stable air masses, less surface heating, and warmer air aloft, inhibiting extensive convective activity.
Our study found that areas of high lightning strike density were not limited to mountainous regions, but also
occurred at river flats such as the Tetlin, Yukon and Tanana Flats. This agrees with findings form northern
Saskatchewan (Burrows et al., 2002), but disagrees with Biswas and Jayaweera’s (1976) study of Alaskan

thunderstorms, where only the Tanana Flats were found to have any significant lightning activity.

5.4. Future under a changing climate

Climate warming is a factor making future predictions of the Alaskan thunderstorm and fire
regimes difficult. However, even for present conditions, the links between climate, vegetation and fire are
very important for the boreal environment, but still poorly defined (Campbell and Flannigan, 2000). Thus a
better understanding of the processes involved is necessary. This study represents a first view of the some of

the existing links using the available data.
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The objective of this project was to find influential factors and processes responsible for
thunderstorm development in Alaska, and, using those, attempt to produce well-founded predictions on
future thunderstorm regimes caused by a changing climate. In the following section, we will list the factors
we have “identified” as important for thunderstorm and lightning activity in Interior Alaska, and comment

on their likely response to climate change.

5.4.1. CAPE

Renno and Ingersoll (1996) predict that the average global CAPE value should be larger in a
warmer and moister climate regime and smaller in a colder climate regime than the presently observed
value. Ye ct al. (1998) suggests that since climate sensitivity of CAPE to surface temperature is only ~ 50-
100JKg'°C" it is unlikely that climate warming induced changes are significant enough to be detected in
the global electric circuit. Lightning occurrence is a very nonlinear function of convection intensity.
Solomon and Baker (1994) report a reversibly defined threshold for lightning occurrence of about 400JKg™
for New Mexico. However, Ye et al. (1998) concludes that it is difficult to state that increased lightning will
necessarily accompany global warming. However, if 100JK g of CAPE due to a 2°C increase in seas
surface temperature is added to that of the current climate, then the barrier for the occurrence of lightning
can more frequently be overcome to introduce a jump in lightning frequency. In Alaska, CAPE values are
lower than for the southern U.S. and tropics (Chapter 4), and the projected temperature changes are higher.
This could lead to a significant increase in lightning occurrence.

Biswas (1976) finds in his one season study of Alaska thunderstorms that 34% of thunderstorms
were associated with the Arctic front. Thus any changes in the position or behavior of the Arctic front could

have a measurable influence on the Interior Alaska thunderstorm activity and preferred locations.
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5.4.2. Treeline expansion

Scenarios based on four GCM 2xCO,-scenarios suggest a polewards shift of the forested zones,
causing boreal forest to move into the current tundra region (Smith et al, 1992). This region would then
likely see increasing fire frequency (Kasischke et al, 1995). Of the regions presently covered by boreal
forests, only 28% would remain boreal forest, whereas 72% would shift to temperate, mixed deciduocus
forests, and likely see a decrease in fire frequency.

Brubaker et al.(1995) speculates that deciduous trees or shrubs, rather than evergreens, would
expand as a result of future warmer conditions. If post-fire vegetation would regrow as deciduous forests, a
cooler, more moist, less flammable summer fire fuel scenario would result. The shift from coniferous to
more deciduous forest would thus result in a decrease in fire frequency, because deciduous forest is less
flammable than coniferous forest. Conversely, if the warmer summers would also be drier, moisture-
stressed, highly ﬂammablé trees may be the consequence and therefore an increased fire frequency. It is also
possible that an increase in fire frequency, resulting in large wildfires around the northen extent of the
boreal forest, could influence the position of the Polar Front (Pielke and Vidale, 1995). A southward
movement of the polar front in the summer would bring colder air down, bringing south the 13 °C isotherm
which is currently thought to influence (and be influenced by) the northern extent of the boreal forest .

Permafrost is a strong factor in the northern ecosystems. Climatic warming is already resulting in
melting of the permafrost layer. Melting of the permafrost takes a large amount of the available energy at
tundra ecosystems, leaving less for sensible heat fluxes and surface temperatures. The existence of
permafrost thus act as a temporary buffer against rapid increases in surface temperatures and sensible heat
fluxes (Eugster et al., 2000). However, the more permafrost that melts, the less this buffer mechanism will
be in effect, allowing further temperature increases.

Large fractions of lightning in Interior Alaska at present are due to synoptic events often happening
in a few consecutive days. A typical example is summer 1999 where we had a few days with ~ 5000 strikes.

Average annual lightning strikes in Interior Alaska is about 25,000. The predicted summer warniing,
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potentially influencing both the composition and distribution of vegetation types and permafrost, could
cause a further increase in surface temperatures due to vegetation feedback mechanisms. This could
enhance the Interior Alaska thermal through, which is a strong factor in thunderstorm development and low-
level moisture advection (Biswas, 1976), thus increasing the potential for lightning. If more deciduous
vegetation was to result from a climatic warming, we might see cooler, more moist summers with a
decreased thunderstorm activity, because the deciduous vegetation transpire more, has higher albedo, and
smaller sensible heat fluxes than do coniferous vegetation. Conversely, if the redistribution of vegetation or
the climatic warming would influence the behavior and average position of the polar front, where more
synoptic thunderstorms dominated a generally wetter summer pattern. Such a scenario may bring more

lightning strikes to Interior Alaska, although due to their often wet nature fewer fires are likely to result.

5.4.3. Fire severity

Several studies predict increases in fire frequency in the boreal forest zone as a result of climate
warming (Clark, 1988; Chapin et al., 2003). Price and Rind (1994) predict an increase in U.S. lightning fire
ignitions by 78%. For Canada, Flannigan and Van Wagner (1991) suggest that the fire seasonal severity
rating may increase by 46%. An increase in fire severity within the boreal zone has potential impact on the
forest composition, possibility of migration of new species into the region, and for the elusive feedback
mechanism between (probably especially severe) wildfire burn scars and convective activity.

Interestingly enough, studies of paleoecology have shown that frequent small fires are correlated
with a warm, dry climate, and widespread fires are correlated with a cool, wet climate (Li et al., 2000;

Lynch et al., 2003). Thus we cannot simply equate global warming with larger, more widespread fires.

5.4.4. Length of fire season

Flannigan and Van Wagner (1991) estimated that warmer, drier conditions should result in a 40%

increase in annual area burned in Canada. As a possible response to the current climate warming, the annual
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area burned i North America has almost doubled over the last two decades (Murphy et al., 2000). The area
burned is affected by the length of the fire season, which is also predicted to lengthen. Wotton and
Flannigan (1993) estimated that the warmer climate would increase the length of the fire season by 28-29
days and thus result in a 20% increase in annual area burned in the Canadian boreal forest.

The seasonal distribution of lightning strikes in Interior Alaska (figure 5.1) suggests a possible
shift towards more lightning in late August than has previously been the case. This could be associated with
or cause a longer fire season, depending on the amount of accompanying precipitation and the state of the

flammable materials.

5.5. Suggestions for future work

* Produce a dry thunderstorm climatology for Interior Alaska, similar to the work of Rorig and Ferguson
(1999, 2001) in Washington state.

* Concentrating on high lightning strike accuracy areas, make correlations with topography, patch sizes
(and shapes) and focus on burn scar analysis and treeline proximity study (Chapter 2).

* Compare fire starts (ignition) and lightning data (weather data). Anderson (2001) has produced a model
for this.

* The wildfire burn scar feedback mechanism study would benefit from field measurements of fire severity,

wind direction and strength and sensible and latent heat fluxes at the scars.
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